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SUMMARY

In the reverse osmosis process for water desalination, sail water pumped

fo pressures of 400 - 1500 psi is confacted with an osmo~c membrane. The pure wafer

which diffuses through the membrane constitutes the producL The remaining effluent

~ , brine is rejected.

A cumplete survey of existing means for high pressure pumping and energy

recovery was carried out. l~umps and hydraulic furbines best suited for reverse osmosis

desalination plants have been selected.

I~ormati~ ~ perform~, celt, a~ilability and ~liability d pre~~

me~ was spe~d~ pr~ed by the ma~e~ ~r use in this ~udy. ~mflar ~rma-

fion was ~ ~r dec~ m~ors, steam ~es, and diesel en~nes ~r use as

~s ~r ~e pumps.’

A significant portion of the cost of fresh water production is contributed by

the capital costs, maintenance costs, and power costs for the high pressure pumping sys-

tem. These ~umping system costs" are influenced by the type of ~ump selected, thepump

speed, the type of driver and energy supply available, and the plant operating conditions.

These include the salinity of the feedwa~er, feedwater flow rate, and membrane perform-

ance. This report shows the influence of these pumping system parameters upon fresh

water cost for reverse osmosis desaHna~on plants ranging in size from 105 GPD to 107

GPD of fresh water output. ~ was found that the initial cost of the equipment contributes

only a small i~action of the total water cost. The principal contribution is made by the

driver power cost, showing that emphasis sho~dd be placed upon using the most efficient

equipment ava~sble.

A ~rge fraction of the Mgh-pressure water delivered to the membranes is

r~e~ed as concen~ated brine. The econom~ advantage of us~g a hydra~ ~r~re ~

recover ~e energy ~ the high pressure b~ne was eva~a~d. ~ was ~und ~a~ energy

recovery ~ not econom~ sound for 105 GPD ~ants. For 106 GPD and 107 GPD ~ants,

energy recovery is econom~.



Further development work appears to be desirable in several areas. In-

sufficient experience has been obtained by the pump manufacturers with respect to the

selec~on of the best materials for saline water service in high pressure pumps and

turbines. The opera~ng life expectancy and maintenance requirements for pumps and

turbines used in this service are not well defined. Because of the cost savings obtain-

able w~h high pump effieiencies, speeial centrifugal pump designs should be considered

for the 105 and 106 GPD plant sizes. The standard pumps now available were designed

for other purposes and consequently do not have the highest efficiencies attainable for

the desalina~on plant application. New pump designs are needed to meet the require-

ments of the 107 GPD plant size. Present high-pressure pump product lines do not

extend to such high flow rates.
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Secton 1

SCOPE OF INVESTIGATION

i, i .Introduction

In the reverse osmosis process for water desalinaton, sa~ water pumped

to pressures of 400 - 1500 psi is contacted with an osmotic membrane. The pure wager

which diffuses through the membrane consMtutes the product. The remaining effluent

brine is rejected.

Due ~ ~e ~rge flows d Mgh pressure s~t wa~r needed, currently pro-

posed sys~ms requ~e a ~rge ca~l investme~ for Me Mgh pressure pump and ks

dr~er. Furthermore, s~ce a ~rge ~action ~ ~e Mgh pressure wa~r ~s re~c~d

as concen~a~d brine, ~ may be econom~al ~ use a hydraulic ~rb~e ~ recover p~rt

d the energy. Curre~ know~dge d pumps and d hydraul~ turbines s~e ~r ap-

plications in reverse osmo~s ~a~s is, however, ~com~e. Data on Me pe~ormance,

cost, avaflabHi~ and r~bili~ of ~ese un~s ~s ~c~ng. No work has been done to

simplify the selection of the be~ type d pump and Me most economic~ driving arrange-

me~ for petticoat ~ant conditions.

1.2 ,Purpose of This Study

To ~uct a e~te-of-~e-art survey of s~nd~d pump~g

eq~pme~ ~at will me~ the ~qutrements for ~e ~ large-

size reverse osmosis desolation ~a~s. This s~vey in-

cludes a review of aH of ~e types of pumps available for

~gh pressure ~line wa~r ~rvice and ide~tion d

their priced operating charac~risG~. A~so ~uded

is a review of s~ndard dr~g ~s~ms ~r ~e pumps.

To determine ~e ~c~ a~ ~omical ~asibility ~

~r~g~ergy~om the M~ss~e bri~ dis~d

by ~e ~mo~s de~HnaGon ~a~s



To ~e~ify areas in wMch ~rther research and development

work is desirable in order to improve the operating eharac-

~st~s and econom~s of pump and energy recovery sy~ems

~r reverse osmo~s desal~at~n plants.

1.3 General Ground Rules

Table 1.3..1 shows the various elements that were included within the scope

of this invesGgaton and those elements which were not included. This table is not a

complete list of all of the ~ems that were and were not included in this survey. How-

ever, the major ~ems of importance in the final economic analyses have been mentioned

in this table.



~ PLANT LAYOUT

~m~ng ~stom (~mp & D~veO - Cellulose Membranes 
Power Recove~ ~stem ~dr. tn~. & gener.) - ~ars

2) PARAMETRIC S~D-DY

Fresh Water Outpu~ ~ Recovery ~ values) - Brackish W.
Fresh Water Output, % Recovery ~ value ) - Sea Water
Feed Pressures ~ value~ - Brine Pressure Drop ~ value~
Average Density Value ~4 lbm/ft~ - Two Salinity Contents
~ brackish, 1 sea) - Acidity Level from Membrane Data 
Membrane Fl~x, Average depending on Feed Pressure

~ PUMPING SYSTEMS

Driver, Gear, Pump Combination - Re~proca~ng and Cen-
trifugal Pumps - Cavitation, Materials, Aeration, Mainte-
nance,Operatton, Service Requirements

~) ENERGY RECOVERY SYSTEMS

Pe~on impulse turbines, Governors, Electrical Generators,
Gears - Maintenance, Operation, Ser~ce, etc.

~) COST ST~UDY

Component costs, Manu~cturer Cost Correla~ons.
Contribu~ons to Water Cost - Optim~ation With and With-
out Energy Recovery - ~*fluence of Output Rate, Feed Pres-
sures, Losses, Types of Units - Average Cost Values used: i
Power, Membrane Costs (from OSW), D~vers, Gears,
Pumps, Hydr. Turb., Maintonanc~Servtoe.

6) UTERATURE REVIEW & MANUFACTURER RE~qEW

NOT INCLUDED

~ PLANT L~YQUT

Ptping System, Fi~ers, Acid Tanks, Sumps, CirculaHng
Pumps to Stu-nps, Vulving, By-passes, S~nd-by Units,
Water Deaeraters, Control Panels, Layout of Compenents
in best loea~ons, Pressure Vessels, Membrane Supporting
Structure

~ PARAMETRIC STUDY

Extra Pressure Losses due to Piping, Valving, Elbows, Con-
trols, Flow-meters, FHters, Screens - Density varia~ons
due to Salinity Level, Pollution or Sand Contamination -
Variable Fluxes Through Membranes (Time dependent)

~ PUM~I~N’G ~YSTEMS

Pos~ive Displacement Pumps ~er than Rectp.) - De~i~d
Analysis of Va~ous Drivers ~olta~e, contrMs, overloads,
etc.) - Geographical Location or Power Availability Conse-
crations - Parallel Opera,on of Pumps.

~ ENERGY RECOVERY SYSTEMS

Francis Turbines - Cent~fu~al Pumps as Turb~es -
Analy~s of Contr~s and Regulation of Compete Systom

~ COST STUDY

Cost An~y~s for Speeifto ~anu~cturers and Pumps as u
~cter in %Vator Cost - Founda~on, in~laHon, Delivery.
Part Shipments, Repair Costs - Overhead Expenses, Plant
General Costs, Admta~trative Costs - ~ructures and
Improvements, Land Costs - P~ping, Vah,~ and Control
Costs - In~rect Capital Costs - Water Treatment Costs
Sand and Bacte~ - No consideration of effects of location

on Power Costs, E~eet of Steam Supply Condidons, etc.

Table 1.3. 1 Ground Rules Followed For ~m~ng Systom ~udy



Sec~on 2

GENERAL CHARACTER~TICS OF PUMPING AND ENERGY
RECOVERY SYSTEMS FOR THE REVERSE OSMOS~ PROCESS

2.1 Introduc~on

A ~everse osmosis desalinaGcn plant must operate continuously, deH~ering

a s~ady flow of fresh water. The brackish or sea water en~ring the process must be

raised to very high pressures before contac~ng the membranes. Thus, reliable high-

pressure pumps are vital components of reverse osmosis desalination plants. The con-

centramd brine leav~g the membranes remains at high pressure; consequently, energy

recovery by means of hydraulic turbines may be economical. The purpose of this section

is to review the types of hydraulic machinery suitable for pumping and energy recovery in

the reverse osmosis process and to select the most promising types of equipment for a

range of plant requirements. Table 2.1.1 summarizes the range of plant requirements

and design parameters considered.

2.1.1 Pumping System Parameters

This study was intended to include a broad range of plant sizes, feed water

~alinity levels, and membrane performance characteristics. A parametric approach was

used to meet these condi~ons. Several typical values each were selected for the following

desalination process variables:

¯ plant size or fresh water output

¯ delivery pressure to the membranes

¯ fresh water recovery as a percentage of feed water flow

By study~g the ef~c~ upon pum~ng sys~m characteristics of aH of the com~natons of

the s~ected values of these va~aMes, the whole range of ~ant condi~ons co~d be covered

ef~c~vely.

The plant sizes for the study were selected to be 100,000 GPD, 1,000,000 GPD.

and 10,000,000 GPD of fresh water output independent of the salinity of the feed water.
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Water Design Operadng % Recovery Brine Pressure Drop

Type Pressure: PIN
R

MF.W.
(psia) bI

S

50 0, 5, 10, 15

400 70 0, 5, 10, 15

80 0, 5, 10, 15

50 0, 5, 10, 15

Brackish
(5,000 ppm) 600 70 0, 5, 10, 15

80 0, 5, 10, 15

50 0, 5, 10, 15

800 70 0, 5, 10, 15

80 0, 5, 10, 15

Sea
(35,000 ppm) 1500 40 :* O, 5, 10, 15

Plant Size:
Ou~ut

MF.W. : GPD

105, 106, 107 t,

105, 106’ 107

105, 106’ 107

105, 106, 107

"-
105, 106’ 107

105’ 106" 107

105, 106’ 107

Reverse Osmosis Desalination Plant

Design Parameters



For the purposes of this study, the water entering the process was charac-

terized as either %rackish water" or "sea water". Brackish water was assumed to

have a salt content of 5000 ppm, while sea water has a salt content of 35,000 ppm. The

feed water must be delivered to the membranes at a pressure which depends upon its

salinity. The delivery pressure levels assumed for this study were as follows:

- brackish water plants (5000 ppm) : 400, 600, or 800 psia

- sea water plants (35000 ppm) : 1500 psia

The propor~on of the feed water which is converted to fresh water is a

variable which depends upon salinity, delivery pressure level, amoant of other impuri-

~es, and membrane characteristics. To allow for variations in the recovery percenN

age due to these factors; the following alterna~ve values were used:

Brackish
Water

~ 70% of the feeS0 d% of the feed watew rater recovered ar sec°vered as fresh waft teresh water

I - 80% of the feed water recovered as fresh water

~a Water - 40% of the feed water recovered as fresh water

From these assump~ons ~ was pos~Me te ~etermine domains of oper~n

~r the pumping eq~pment and to define ~screte pump sizes ~r the vat.us ~an~.

The following equations relate the pump specifications to the plant conditions:

Q - MF.W.
:: Rx24x60

flow, gallons per minu~

(PIN-- 1~ x 144H = head, ~et
P

Figure 2.1.1 shows the ~mi~ng values for pump head and flow considered in

this study. A rectangular domain represents the range of brackish water conditions while

¯ a straight Hne represents the range of sea water condi~ons.



2.1.2 Energy Recovery System Parameters

The fresh water recovered by the membranes is only a portion of the to~l

incoming flow. The remainder of the flow, a concentrated brine at high pressure, can

be directed through some type of hydraulic energy recovery device. The most suitable

types of energy recovery systems for the selected plant conditions are hydraulic turbines

and centrifugal pumps used as hydraulic turbines.

In order to determine the turbine inlet pressure corresponding to a given

delivery pressure to the membranes, a parametric approach was used. Altelmative

values of pressure drop along the membrane channels of 0%, 5%, 10%, 15% were as-

sumed.

The following equations relate the turbine specifications to the plant condi-

tions and membrane pressure drop:

F.W.
Q = (1- ~ Rx24x60 gallons per minute

H = ~ -A~ (PIN- i~x144 head, ~et
P

Figure 2.1.2 shows the Hm~ing v~lues of head and flow available for energy

recovery; one domain represents the range of brackish water cond~ions, the other repre-

sents the range of sea water conditions.

2.1.3 Membrane System Parameters

The performance of a reverse osmosis membrane varies with time as the ma-

terial degrades. Both the operating pressure level and the cumulative time of operation

influence the membrane flux rate. These combined effects are called membrane compac-

tion. A typical set of curves of water flux variaGon with time in a continuous run is shown

on Figure 2.1.3. The curves are steeper at higher pressure during the first hours of

operaGon, then reach a fairly steady flux level. Staggered replacement of compacted mem-

branes can be used to maintain a constant average flux rate and reduce operating cost.
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Four values of average flux rates were provided by the Office of Saline

Water for use in fl~e study; these values depend upon the water salinity level and the

pressure required for desalination as follows:

Liquid Sflinity

Sea Water 35,000 ppm

Brac~sh Water 5,000 ppm

Pressure Flux

- 1500 psia - i0 GPD/It2

800 psia - 20 GPD/D2

600 psia 15 GPD/ft2

400 psia 10 GPD/ft2

The membrane area can be calculated approximately for a given plant size

by using the following equation:

F. W. oup 
Area = -Water- ~ux

This area is the membrane area requ~ed ~ produce a specified amount of

fresh water; it is a func~n of the delivery pressure level and the salini~ of the ~ed

water.

The recovery factor values indicated in Section 2.1.1 are additional charac-

teris~cs of the membrane type. They are defined as follows:

%recovery = R
..Fresh W~ar Flow Rate (~,tput)
Saline Water Flow Rate ~npu0

2.1.4 Plant System Defin~ion

A schematic flow diagram of a reverse osmosis desalination plant is given

in Figure 2.1.4.

The alternative plant design conditions described in the previous sections

(2.1.1, 2.1.2, 2.1.3) have been summarized in Table 2.1,1. Using these plant design

conditions, 30 pumping systems and a greater number of power recovery systems can

be iden~ed. The thirty pumping systems are described by a network relating flow

rate and pressure, Figure 2.1.5. Table 2.1.2 presents the par~cular pump require-

men~ (head and flow) correspondMg to the 30 ’~tandard" plants.
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"---------’T’~
Head

867

867

867

1320

.--------.-----~

1320

1320’

1765 ~!

1765

1765

3340

Capacity
(gallons per minute)

#1

86.75

~2

99.30

#4

867.5

#5

993

138.80

#10

86.75

~#11 ~#14

99.30 993

#12

138.80

#19

1,388

~13

867.5

#15

1,388

#22

86.75 867.5

#20

99.30

#21

138.80

#28

173.30

#23

993

I ,388

#29

]~733

#7

8,675

#8

9,930

13,880

#16 ’

8,675

#17

9,930

13, 380

#25

8,675

#26

9,930

13, 880 ~!

#30

17,330

Table 2.1.2: Pump Deign Requirements
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We have submitted the values of head and flow Hsted in these tables to

various manufacturers to obtain information on their produc~ for use in the reverse

osmosis process.

The information which was received in reply will be described in SecMons

2.2 Pumpin~ Equipment

Positive displacement pumps and cen~ifugal pumps are standard eq~p-

ment eommerctal~ available ~r producing a pressure rise in a flowing Hqu~. Posi-

~ve ~s~acement pumps operate by ~ap~ng a quanS~ of Hq~d and then ~r~ng it out

ag~nst an elevamd ~scharge pressure, h cen~ifugal pumps the energy is impar~d

by cent~g~ ac~on: the l~uid en~rs the pump near the axis of a high-speed rotating

impelMr and is thrown outward in~ the pump casing. The ~ne~c energy developed in

the l~d by the vanes of the impeller is converted by the ~ffuser section of the casing

into pressure head.

The various types of pumps can be characterized by domains of head and

capacity where each type is most efficient. Figure 2.2.1 shows the domains of opera-

~on of posi~ve displacement pumps and centrifugal pumps.

Section 2.2.1 presents a brief description of the different types of posi~ve

displacement pumps. Centrifugal pumps are described in SecGon 2.2.2. Those types

of pumps which are not suitable for the reverse osmosis process are idenG~ed.

2.2.1 Posiive Displacement Pumps

PosRive displacement pumps can be classi~ed under three main headings:

1. rotary pumps

2. ~c~roc~ing pumps

3. pumps that are a combination of types 1 and 2.

Rotary pum~ ~a~r the Hq~d from ~cfi~ ~ ~har~ ~ mea~ ~



rotating gears, lobes, vanes or screws operating inside a rigid container. Figure

2.2.2 presents sec~onal views of various types of rotary pumps:

Internal and External Gear Pumps - The liquid is trapped and movedbythe

gears as indicated on the cross-set,on. The liquids pumped must be free of solids to avoid

erosion, and free of gases to avoid ca~tadon problems. The liquid also must be ade-

quate as a lubricant for the gears. Gear pumps will have wearing problems when op-

erated with sea water.

~obe Pumps

wear ~ss than gear pumps.

gear pumps.

Operate on the same p~n~e as gear pumps but tend ~

The output ~om ~be pumps p~sates more than that ~om

yane Pumps - Consist of an eccentric rotor and rcc~ngular vanes that

can slide r~dially. As the rotor revolves, the vanes are forced out against the fixed

casing by centrifugal fo.~e. The liquid is moved from suc~on to discharge in the space

between the rotor and the fixed casing. Pumping rates are changed by varying therotor

speed as well as its eccentricity. These pumps are s~f--priming and produce constant,

uniform d~eharge flow rate. Wearing problems are confined principally to the vanes

which are self-compensating until worn out Seals and reiief valves are required, and

foreign bodies can damage the pump.

Screw Pumps These pumps can be of two [vpes: single screw or twinscrew.

In a single screw m~chine, a helical screw rotor revolves in a ~haped stator. In ~ twin

screw machine, the tw~ screws rotate in opposite direc~ons. In either case, the Hquid

is caught in a cavity which progresses towards the discharge end of the ~ump. The dis-

charge pressure dictates the length and pitch of the helical screw rotor. These pumps

are sel~priming and very reliable. Liquids containing vapors, gases and solids can be

pumped. Screw pumps cannot be operated against a closed discharge; relief valves and

seals are needed. They are heavy and bulky and are yery sen~ve to variations in di=-

charge ~ressure.

Fle~ble Impeller Pumps - ~mse are eccent~c-rotor pumps. The roar ~ equ~ped



with flexible blades that are bent again~ a f~ed caMng. The ~ades unfold when passing

the suc~on part and draw in the Hquid. When the blades are bent, they squeeze the liq-

uid and force it into the ~scharge port of the pump. These pumps are self-p~ming, op-

era~ with aH sorts of l~uids, and have a constant, uniform discharge flow ra~. They

can be servmed easily. However, they have a Hm~ed pressure range and are not suita-

ble for heavy-du~ ap~aGons.

Reciprocating Pumps - Includes those ma~aines which provide energy to the

Hquid through the reciprocating cyclic action of a piston or a plungerinacylinder. The

output flow rate of these units varies sinusoidally with time. The discharge flow fluctua-

Gons can be reduced by use of several pistons operating in parallel. Figure 2.2.3 shows

various types of reciprocaGng pumps.

There are other types of positive ~s~acement pumps such as diaphragm

pumps (where a tie,Me diaphragm re~aces ~e ~o~, eccen~-cam pumps ~ither

constan~volume, or va~aMe-vMum~ and peristaltic pumps (a flexiMe ~be ~ squeezed

by rollers at each end of a roar and the l~d ~ pushed to the ~scharge). These pumps

are shown in Figure 2.2.4. All of these pumps are self-priming and do not req~re shaft

se~s or check-v~ves. They can move the liqmd in ~ther ~rec~on without b~nging it

into conta~ with the moving parts. Diaphragm pumps can reach high pressures but the

others are qui~ ~mi~d in both capa~ m~d pressure.

Figures 2.2.5 and 2.2.6 both descril~e the ranges covered by these positive ~

~acemem pumps:

- maximum attainable discharge pressure

- maximum attainable capacity

2.2.2 Centrifugal Pumps

A great variety of centrift~gal pumps have been built for various applications.

The pumping of liquids or generaGon of head is accomplished by a rotary moGon of one

or several impellers. On the basis of the main direcGon of discharge of the Hquid, cen-

trifugal pump impellers are classified as follows:
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¯ Mixed Row

Every pump consists of ~vo principal parts, an impeller which forces Hq-

uid into a rotary motion by impelling ae~on, and the pump casing which directs the

liquld to the impeRer and leads R away under high pressure.

Cen~ifug~ pumps can ~so be broa~y classified on ~e basis of internal

casing des~a in~ the ~Howing ~pes:

¯ Volute

Fi~ires 2.2.7 shows cross-sections of these afferent designs. ~ a v~ute casing, ~e

impeder ~scharges into a ~n~e chann~ ~ gradu~ly increas~g area called a volta,

and the m~or pa~ ~ the convers~n of ~n~ energy ~ pressure head ta~s ~ace in

the co~c~ ~scharge noz~e. ~ a ~ffuser casing, ~e m~or pa~ of the con~rs~n of

v~ocity inte pressure takes place between ~e ~ffuser vanes. ~ a mr~ne pump, ~e

liq~d does not ~scharge ffee~ ~om ~e ~p of the impeller but is re~rc~ed back to

~wer poin~ on ~e impeder ~ameter where it re~rc~a~s many.~mes be~re finely

~aving ~e imp~ler. Theee pumps deve~p ~gh heads. The impeller vanes zota~ in

an ann~ar channel ~ ~e pump casing. The c~eing contains a se~ing w~l through which

~e impeller passes with very close ~earances.

- impeder shape and operating characteris~cs

- enclosed, semi-enclosed, or open impeders

- single or double-sucgon impeders



- vertical or horizontal ro~fing shaft

- s~e or m~age pump

- position of ~e pump ~ rel~n to the l~d s~ply
(we~ or dry-~t mounmd, or ~-lin~

2.2.3 Prelim~ary S~ection of Pumps ~r Reverse Osmo~s Plant~

The prev~us sec~ons have described many ~fferent ~pes of pumps. Some

of ~ese pumps will not match the requirements of the desal~ation ~an~ considered ~

¯ is ~ves~g~n. Factors to be mkea i~o account ~ the selection of a pump are as

~Hows:

1. Du~ cy~e, operating con~ons

2. Oper~g speed

3. Liq~d used

4. Sys~m ~eanHness

5. Effic~ncy

Based upon ~ese &~ors, the choice of pumps must be restricted to re~p--

rocating pumps and m~fis~ge ce~g~ pumps (vM~e or ~f~ser cuing, ho~zo~

or ve~ shaft. The fol~wing pumps have been ~im~a~d ~om ~r~er con~der~n

due to ~cmrs (1) and (3):

- Gear Pumps: ~ern~ and ex~rn~) water is non-~brica~ng

and ~ese pumps have a p~saGng output which is ande~raMe

~r ~e membranes.

Lobe Pumps: do not meet pressure and flow requirements

Vane Pumps: conGnuous high pressure duty would cause failure

Screw Pumps: heavy and bulky units, are not standard for ~e

conditions required.
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Fle~e Impeller Pumps: cannot meet Se Mgh pressure

req~remen~.

~ ~o t~es ~ pumps a~ear to be s~mMe ~r ~e desaNnaGon ~ant re-

quiremen~ ~r ~is study~

Reciprocating pumps for high pressure and low

capacity requiremen~

- Cen~i~g~ mult~ pumps ~r all ~r~icatio~.

Factors (~ and (~, speed and sys~m ~eanHness, are not de~s~e in 

f~ selec~on of pumps, ~nce d~vers and gears are available at all speeds and ~e

~ed wa~r is to be ~ea~d be~re en~Ang Se pumping sysmm. Factor (~, the pump

effi~ency, will be used to accom~ish a second selection, on ~e basis of power sa~ngs,

between cenWifugal uni~ and reciprocating units for use at ~e lower capaciaes.

2.2.4 Pump Performance

a. Performance Curves and System Curves

The performance characterisMcs of a pump are generally described at a

particular rotational speed by two curves, the head vs. capacity curve and the effic~acy

vs. capac~y curve. The flow rate vs. input pressure level for the flow system connected

to the pump can be described by a third curve. Figure 2.2.8 shows these three curves.

The lntersecGou of the "system" curve and the pump head-capacity cur,e is the operat-

ing point of the pump.

At constant speed, a reciprocating pump delivers essentially the same capaci-

ty at any pressure within the power capability of the driver and the maximum pressure

limitation of the pump. Reciproca~ng pumps are highly effluent units. Due to the recip-

rocating action of the piston or plunger, the flow-rate varies ~yclicaily around a mean

value. Figure 2.2.9 describes their flow varia~oas for different types of reciproca~ag

pumps. These theore~oat flow ~trves are iadica~ve of the pressure pulsa~on which can

be expected in the operation of reciprocating pumps.



The performancc of a ce~ri~gM pump is descried by Ks rate of flow or

capaci~, Q, and its head, H, in feet of ~e liqu~ pumped. Other performance char-

a~e~s~cs are ~e power input and the speed of rotaGon. Four types of head-capac~y

curves for consent speed operation may be idenGfied (Figure 2.2.1~. The s~epness

of the curve var~s ~, b, ~: the maMmum head is dev~oped at zero capac~y and the

head decreases as the flow rate is increased. The slope of the head-capac~y curve is

dicta~d by ~e geometry of ~e impeller and pump cas~ Curve (d), ~ ’~roo~ngcurve"

leads to uns~ady opera,on. Operating at oty f~ed head above ~e zero oapacityvalue,

¯ e pump oscilh~s between ~vo different capacities.

Figure 2.2.10 also displays three types of power vs. capacity curves:

a. is referred to as non-ove~oading

descries a normal overload~g curve where power

increases wi~h capacity

illustrates an overloading curve where power increases

with a decrease ~n capacity.

The use of two pumps working together in a pumping system introduces ad-

di~onal constraints on the operaMon of each pump. ~ the pumps are operated in paral-

lel, the to~l head of each pump must be the same and equal to the to~l head for the

system. ~ the pumps are operated in series, the total capac~y of each pump must be

the same as the to~l c.~acity of the system.

b. Pump Efficiency and Specific Speed

In reciprocating pumps a di~ct~n is made between three efficienc~s:

- The v~umet~c effic~ncy, ev, wMch is ~e ra~o of ~e actual

l~u~ v~ume ~scharged ~ ~e pis~n or ~unger dis~acement

v~mne. V~umetr~ effic~ncy is some~mes refaced by ~e ~

~ = 1 - e~, the v~umet~c flow loss as a perce~age of ~s~ace-

ment. This effi~ency parame~r is reduced by leakage past the

pis~n pac~n~ ~e stuff~box pacing and ~e valves. The
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compresslbHity ~ctor off|quids must be ~nken into account in

the calcula~on of the volumetric efficiency.

- The hydraul~ efficiency accounts for the hydra~ic loss

due to liquid fric~on in the cylinder and the pressure drop

through the valves.

- The mechanical efficiency, which in~udes the previous

hydraulic effic~ncy, is the water horsepower delivered by

the pump divided by the horsepower input to the pump. This

effic~ncy provides a measure of the mechanical fr~fion in

the bearings and seals of the pump together with the hydrau-

lic losses within the pmnp.

Reciprocating pumps are very efficient units. Their mechanical efficieneies

are of the order of 85% to 90% and their volumetric efficiencies usually reach 98% or more.

The efficiency of a centrifugal pump is defined as the ratio of the water horse-

power delivered by the pump to the horsepower required to drive the pump.

Water horsepower _
W =

I~ ~rs~ower ~ ~ 2

(hp) 1 = gPm3960x feet

~2
= ~rs~ower pro~dby ~er (BH~

A typical efficiency vs. capacity curve for a centrifugal pump is shown on

Figure 2.2.10. The efficiency of a centrifusal pump depends upon its specific speed

(hydraulic deign), capacity, internal running clearances, surface roughnesses in the

impeller and casing, and stuff[ng-box fric~on.

Figure 2.2.11 shows the efficiencies of single-s~ge pumps as a combined

func~on of both specific speed and capacRy. The specific speed, Ns, is an index that

characterizes the opem~ng condi~ons for a pump.
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N (~m) x ~ Q (~m).
Ns 3/4(H) (ft)

Tim specific speed parameter also is used in several other ways:

g is a ~ndamen~l, dimens~ess param~er used to

descr~e ~e performance of a pump ~ Rs most effic~nt

operating point. As such, values of N, Q and H leading

~ Re same ~lue of NS ~r geometrically similar ~umps

also lead ~ ~mHar flow conditions wit~n ~ese pumps.

For any value of specific speed, there is one type of pump

which is more effi~ent than all other types of pumps at

that specific speed. Thus, specific speed can be used as a

crimson for selecting !he most effic~nt type ef pump for a

parficu~r opera~ng condition. A reciprocating pump is

catego~zed as a low specific speed pump, while axial flow

pumps are high specific speed pumps.

At a given ro~onal speed, a high-head, low-flow impeller will have a

low specific speed, large diameter, and narrow passages. A low-head, high-flow

!repeller will have a high specific speed, small diameter, and l~rge passages.

Th~ effic~ncy of mulfis~ge centrifugal pumps takes into account the losses

due to the passages be~veen the different s~ges as well as the individual stage efficiencies.

~ ~e smffin~box pressure is unneces~rily high, ~e effic~ncy ~ a rump

will be decreased since e~ra power will be needed to overcome the increased f~cfion.

Figure 2.2.11 shows that low specific speed pumps are less efficient than

high specific speed pumps. In low specific speed pumps, friction losses are high in the

narrow flow channels and disk friction losses and leakage losses are larger in proporHon

to the power input.
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c. Carnation

Cav~ation is the formation of vapor bubbles in a flowing liquid. In a pump,

cavitation occurs if the local vapor pressure at some point in the pump inlet flow falls

below the vapor pressure. When the ca~es or bubbles are conveyed by the flow into

regions of higher pressure, they collapse. The stress waves resul~ng from the collapse

can damage a~acent surfaces of the pump.

¯ the lift of the pump ~he height of the first impeller inlet

above the Hquid free surface)

pressure losses due to ~Gon in the sys~m up,ream

d tie pump ~d ~n t~e pump inl~ ~d the ~int in

question

¯ atmosphe~c pressure @lMtud~

The vapor pressure in the liquid is set by its temperature.

Ca~tion causes noise and ~bration as well as possible s~u~ur~ damage.

However, ~ is ~fficult ~ employ the noise as a possible sign of cavitation; ~ a ~ump is

opera~d off-deign, the noise genera~d by the pump as a whole will mask ~e ca~tion-

al noise. A mo~e r~bM c~on for ca~tation detec~on is a drop in pump effi~ency

and also in ~e head-capa@~ performance curve.

Cavitation damage takes the form of pitting which always occurs beyond the

low pressure points in the pump inlet (Pigure 2.2.12). Cav~a~on pitting can be due 

stress pulses repeated at high frequencies. Metal particles are torn off and carted

away by the liquid penetrating into and escaping from the pores of the metal under the in-

fluence of the intense pressure waves. This phenomenon is often described as "corrosion

fatigue~.



To avoid cavitation, the l~uid mu~ be admR~d in the su~n port of the

pump at a pressure above a ceAa~ level called Me "MINIMUM NET POSITIVE SUCTION

HEAD".

NPSH = H + h -h -h
a S V e

where:

Ha: absolute pressure at the free surface of the llquid. This

is atmospheric pressure if the suction vessel is open to

atmosphere, or the absolute pressnre of the gas in this

vessel if it is enclosed.

hs: stat~ head of the free surface of the liquid above the pump

center line. If it is suction lift, this head becomes nega~ve

h : vapor pressure at the water temperature
V

he: head loss in the sue~on pipe and impMler approach passages

Two dimensions payments are used to define ~A~on HmRs ~r geometricM~

~mHar pumps:

- the suction specific speed S

- the Th~na cavi~on parameter, g

NPSH
H

-3/4
S = ff

Net PosRive Suction Head
Total Head

NS

The ca~Hon parame~rs ~ and S rema~ con~ant ~r the same pump at ~fferent

speeds, or for ~mHar pumps at Me same specific speed, ~ the pumps are opera~d

at conditions satisfying ~e affi~ty laws.
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Material selection is an impor~nt factor influencing the life of pump com-

ponents exposed to cavitating flows. Figure 2.2.13 shows test results on material re-

sistance to cavitation pitting. Mater~l ~ele(tion is not the only ~ctor affecting cavita-

tion damage: a small amount of air in the liquid is beneficial to reduce or prevent cari-

llon pitGng. Air bubbles in small amounts have a cushioning effect and damp the stress

waves caused by the implosions of vapor pockets,

d. P~m~g

Before any pump is ~arted ~ mu~ be fully p~med; that is, the cuing and

sue~on p~e must be completely filled with the ~quM to be pumped. Entrance of air into

the pump or suction line during operation will break the p~me and the pump will have to

be rep~med.

Rec~rocat~g pumps are s~Np~m~ Centrifuffal pumps usu~ need to

he primed utess they are submerged. Some cen~ifugal pumps are self-priming and

are able to exhaust the air ~om the suc~on p~e and the impair. These pumps are of

two types:

Pumps eq~pped with a "suc~on chamber" having a suction

nozzle higher than the tmpel~r. These pumps are selN

p~m~g oty ff there is no discharge back pressure ~pen

~scharge).

Pumps equipped w[~ an air pump to prime the m~npump.

The air pump runs in parallel with the wa~r pump and

exhau~s the air from the suction duct. Two types of air

pumps are used, the so-called "side-canaP’ type ~mp~r

with rad~l ~bs) and the "wa~r ~n~’ type 8n impeller

which is eccentrically positioned inside the casin~. These

a~ pumps aze usually equippedwtth two-way, automatic

valves at the~ discharge nozzle. While prlm~g, the valve

remains opened. When water is pumped by the air pumps,

the valve closes the air outlet and returns the wa~r to the

suction (Figure 2.2.1~.
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2.3

2.&1

supplies available and the costs of these power supplies.

plies considered in this study are:

- electricity

- high-pressure steam

- diesel fuel

Other p~m~g sys~ms can be used mr ce~hgal pumps:

- flooded suction @oMt~e head on the su~

- ~ec~rs or exhaus~rs opera~d by compressed air,

steam or wa~r against a closed d~charge

- vacuum pump @re.raCy a wet vacuum pum~

- a~omafic prim~g de~ces

- use of a rec~roc~g or pos~e ~sp~oeme~ pump

Driving Sys~m

Power Sup~y

The driver selected ~r a pump w~ depend upon the various ~nds of power

The three types ~ power sup-

The r~at~e costs and avaflabfl~y of these fu~s w~l depend to a great extent on the

location of the des~ina~oa ~ant and the quantity of power required.

Several types of equ~ment could be used as drNers. These types will be

~scussed briefly in the sections below. A choice be~veen ~e types will depend on ~e

~c~rs:

- avaflab~ity

- r~bility

- capi~l cos~
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maintenance cost

space requirements

starGng and shutdown conditions

speed variation requirements

instaHaGon problems

cooling problems

air pollution problems

Before a final selection is made,

2. S. 2 Electric Motors

all of these h~ors mu~ be weigh~.

Motor opera,on is based on the principle that a conductor carrying current

in a magnetic field tends to move in a direction perpendicular to the ficM. The conduc-

tors of a motor rotate relative to the magnetic field and are driven by the field. At the

same time, the conductors generate an electromotive force (EMF) by generator action.

This induced EMF is in opposition to the terminal voltage and tends to oppose the

flow of current entering the armature.

There are three bask types of electric motors:

- direc~current motors

- synchronous motors

- induc~on motors

Direct Current Motors Ther~ are several types of direct-current motors.

Shunt motor: In this particular type, the flux is substantially

c~nstant. The armature and the field are in parallel. Hence,

the speed varies only slightly with load so that the motor is

suitable for service requiring constant speed.
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Series ~olor: ha the series motor, the armature and the

field are in series. Therefore, if saturation is negiee~d,

the flux is proportional ~o the current and the torque varies

as the square of the current. Thus. any increasing current

will produce a much greater increase in tor4ue, sc this

motor is sui~ble for service re~ng large s~arfing torques.

HoweveL ~he speed of series motors is practically invers~y

propor~onal to the currenL Unsafe speeds may be reached

if the load ls allowed to drop off completely.

Other types of direct-current motors are the dffferent~l compound motor

(with an adjustable speed) and the cumulative compound motor (very large staring

torque@.

The speed of direc~current motors may be controlled .luite easily. Speed

control may be ach~ved in several ways without altering the motor constructiom

vary the armature EMF: the armature of the motor is

connected across dfffereut vol~ges. The control is ac-

complished by having power supples which are main-

tained at different vol~ges available for the motor.

f~ld control: this method, which is used ~r speed

control of series motors, is acMeved by inserting a

resistance in series with the motor. This method has

the disadvantages o£ low efficiency and poor speed regu-

lation for fluctuating loads.

armature res~mnce con~ol: this method is used tor

shunt motor speed control. An external resistor is in-

ser~d in ~he armature circuit only. This method is

simple to accomplish a~d ~ntroduces no commuta~ng

d~ficul~es. This control method allows development

of the f~l torque of the motor at any speed at the ex-

pense of low effi~ency and poor speed regala~on with

fluctaafing loads.
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Synchronous Motors These motors have the unique property that their speed does

not change as the applied load varies from no load {o maximum load. For stargng,

the synchronous motor is connected to an AC power supply through a high resis~nce

to produce high torque. This resistance is cut out as the speed increases. As syn-

chronism is approached, the rotor windings are connected to a DC power source and

the motor operates synchronously. This class of motors also includes slip-ring motors

which are synchronous units equipped wRh phase-wound dampers co~mected to external

resistors through slip-rings,

Induction Motors - V’~riot~s types of induc~on motors are available.

P~yphase ~duc~on moor: This is ~e most common

type of e~ctrlc moor. ~s s~r is wourd in ~e ~ame

manner as the s)mchronous generator stator. There are

~,~o types of rotors: the squ~r~-cage tv]~e cons~dng of

heavy copper bars short-circuited by end-rings, and the

wound-roar ha~ng a polyphase wind~g wi~ ~e same

number of poles as ~e sm~r, aud ~rm~s brought out

through ~-~ngs so that ex~rnal resistance may be

added.

Other types include the double-squirrel-cage motor, the

s~e-phase ~ducfion motor and the al~rnafing current

commu~tor moor.

Electric motors are wid~y used as drivers for pumps.

Cum~a~ve compound DC motors are commoMy used to ]rive ~n~e-ac~ng

re~procafing pumps, while mt~ex pumps can be driven with shunt motors. For ef-

ficient opera,on, ~e me~od of speed regulation by field co~r~ is general~ used ~r

DC moors.

Shunt motors, di~erential compound motors, synchronous and squirrel-

cage inducdon motors are used as drivers for centrifugal pumps. These motors saHs-

fy the %~ical centr~ugal pump requirements of small s~r~ng torque and high opera~

ing speeds.
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Of these types, squirrel-cage induc~on motors are generally recommended

by pump manufacturers as preferred drivers for reciproca~ng pumps or centrifugal

pumps.

The req~red motor output power rating is set by the power needed to d~ve

the pump at Ks maximum operating condi~ons, accounting for the gear and coupling ef-

fic~ncy. Induction m~ors are usua~y supped with a service ~ctor of 1.15. Thus,

these motors can opera~ continuously at 115% of their ra~d power without causing any

harm ~ the motor cr its ~s~at~n.

When the reverse osmosis plant con~ins an energy recovery system, the

moor rating might be affected. When ~ hydra~!~o turbine is used to recover energy

from the high pressure waste brine, the turbine can be coupled directly to the pump

or can be coupled to an electrical generator which supplies energy to the electric motor.

In the la~er case, the motor must be rated to drive the pump at Ks maximum operating

conditions. During startup of the plant @efore the generator is set into motion, the

motor will be drawing as much as 50 percent more electrical power from the outside

supply than during normal generator operation. The amount of power required from

the outside supply will decrease as the water pressure builds up and the generator is

set into mo~o~

In a plant designed with the hydraulic turbine connected directly to the pump.

the moor power during full plant opera,on is the di~erence between the to~l power re-

quired by the pump and the power recovered by the turbine. During plant s~rtup, how-

ever. the mrb~e will lag behind the rest of the system in its power output, and w~l be

sup~ying full recovered power only a~er the pump has reached its full head level. For

this reason, there will be a short period during which the motor will experience a grea~

er load than during normal operadon. Therefore, the motor power ra~ng should be slight-

ly higher than that required during full load operation.

For this study it will be assumed that the usual 1.15 power factor is suffi-

c~t ~o accommodate the higher starting load.

2.3.3 Steam Turbines

The steam turbine is a very flexible type of driver. Turbines can be
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designed to run on almost any steam condi~on. They are used to drive many different

ts~es of machines such as electric generators, pumps, and compressors. When de-

signed for variable speed operation, a turbine can be run efficiently over a considerable

range of speeds; this is an important advantage in many applica~ons. Steam turbines

range i n output capacity from a few horsepower to as much as 500,000 horsepower.

Turbines are classified in various ways:

By steam supply and exhaust condi~ons: i.e., condensing,

non-condensing, automa~c extraction, mixed pressure ~n

which steam is supplied from more than one source at more

than one pressure), regenerative extraction, and reheat.

By cas~g or shag arrangeme~; sin~e cas~g, tandem com-

pound (hvo or more cas~gs with a shaft,cou~ed ~ge~er 

l~e), cross compound (two or more sha~s not in l~e, o~en 

different speed~.

By number ~ exhaust stages’ha~ng paraH~ s~am

flow, e.g., double flow and ~iple flow.

By de~Gs of stage design; imptse or reacdon.

By ~e~n of ~eam flow ~ the mrb~e; a~al flow, zad~l

flow, tangen~ flow.

6, WM~er ~n~s~ ~ mult~ta~.

By type of driven apparatus, e.g., generator drive or me-

chanical drive.

Any particular turbine un~ may be described using one or more of the classificaGons,

Compared with other prime movers, steam turbines req~re less floor

space, Hgh~r ~un~fions, and less a~endance by an operator. No ~rnal lubrica-

tion is ~qui~d ~r the flow-~ndling ~m~s; ~e~e the exh~t ~m is free
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from off. They have no reciprocaHng masses w~h their resulHng vibrations. The dis-

charge flow is uniform and steady. Turbines have no rubbing parts. They have a great

overload capacity, high rel~bility, low maintenance costs, and excellent speed regula-

tion. In purchasing a steam turbine, one must specify the inlet steam condtions ~em-

perature and pressure), the discharge pressure, the power to be delivered and the shaft

speed.

For a turbine designed to be most efficient at a given set of condi~ons, the

efficiency ~orsepower per pound of steam) will vary as the shaR speed changes. Tur-

bine efficiency and investment costs increase w~h higher inlet steam pressures and tem-

peratures and lower exhaust pressures. The steam consump~on can be decreased by

super-heating because, for a fixed set of inlet and outlet pressures, the energy available

is proportional to the absolute inlet steam temperature.

Figure 2.3.1 shows the var~don of turb~e efficMncy as fun~n of tur~ne

rating in ~wa~s when the M~t ~eam conditions vary. ~creases in inlet ~mpera-

ture above 1200° F must awa~ ~e deve~pme~ d Mgher s~eng~ ma~s of reasonable

cost and avaHab~i~.

9O

~ 80

70 -

50
~00

600 psig - 750° F
I I ~

I, 000 i0,000 I00,000
Power, KW

Figure 2.3.1 Steam Turbine Efficiencies Vs. Power
For VerSus I~et Steam CondiMons

(From Ref. ii~

Steam mr~nes can be adap~d to ~e steam requ~eme~s ~ the ~a~:

"Straight-through" types have a single high pressure inlet

and ~ngle low pressure outlet.
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"Bleeder" turbines contain one or more ~rme~a~

outlets ~ pro~de h~rme~a~ pressure s~am for

phnt process requ~eme~s.

Non-condensing turbines have exhaust pressures

from 50 to 100 psi.

Condensing %~rbines are supplied with a condenser

to condense the exhaust steam to water at a low

pressure.

A non-condensing steam turbine is used when steam at a rela~vely high

pressure and temperature can be purchased and returned, sold, or used w~hin the

plant at a reduced temperature and pressure. Because the steam is not reduced to

a very low pressure, the turbine consumes a large amount of steam per horsepower

delivered and the operating cost is high. On the other hand, because the steam is not

condensed, the capful cost of a condenser is not required and the expense of mainlin-

ing a supply of cooling water is not presen~ Furthermore, because the exhaust is not

at a very low pressure, the steam turbine is smaller in size and less expen~ve.

A condensing steam turbine can use inlet steam having the same tempera-

ture and pressure as a non-condensing unit. The exhaust is condensed, however, in

a condenser utilizing cooling water. The condensate is genera~y pumped back at high

pressure to ~he boiler to be reheated. Because of the low exhaust temperature avail-

able with a condenser, the steam can be expanded to a much lower pressure than is

possible in a non-condenMng unit. Therefore, the turbine utilizes a greater propor-

Non of the energy of the steam. A well--designed condensing steam turbine should be

able to operate with only 50 percent of the steam requ~ed by a non-condensing turbine

having the same power output. The disadvan~ges of the condensing turbine are: its

higher initial cost, the cost of the condenser, and the cost of maintaining a cooling

water supply~ The chief d~ferences between the two types of turbine opera,on are

summarized in Table 2.3. I
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Typical TypMal
Steam Turbine Capitol Steam Inlet Steam Exha us t

Type Cost Cost Conditions Con~Hons

Condens~g Hi~ Assumed 200 psig- 600°F 50 psig- ~ra~d
IdenHcal

(OSW da~) to
F~m condenser:

Non-condens~g Low 600 psig- 750°F Water

Table 2.3.1 Comparison Between Condensing and Non-Condensing
Steam Turbines

2.3.4 Diesel Engines

The diesel engine is one of the most economical ~pes of internM combus~on

epgines. Diesel engines are available in sizes from a fraction of a horsepower to as

~rge ~s 20,000 horsepower. They are designed to opera~ at speeds of 2,000 rpm or

lower; a very common speed is 720 rpm. The d~sel engine is superior to steam turbines

or electr~ motors with respect to power-to-weight ra~o, and external power supplies

(electricity or steam) are unnecessary.

In order to utilize a diesel engine as a driver for the pumps considered in

the present study, it is necessary to use gears between the engine and the pump. A strong-

er shaR will be needed on the pump because of the high levels of torsional vibra~ons which

are transmRted from the engine.

The type of fuel consumed by diesel engines is readily available throughout

the UnRed States at a cheaper cost than electricity and steam.

However, capital costs and maintenance costs of diesel engines are substan-

tially higher than those of steam turbines and electric motors. For this reason, diesel

engines are not widely used to drive pumps.

2.4 Energy Recovery Sys~m

2.4.1 Energy Recovery Potent~ls

When a liquid must be throt~ed fr~n a higher pressure to a lower pressure,
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a potential for energy recovery exists. In reverse osmo~s desalination plants, large

flow rates of concentrated brine are discharged at high pressures from the membrane

channels, Energy recovery can be achieved from this brine by using hydraulic turbines

or centr~ugal pumps operated as turbines.

The energy recovered from the was~ brae becomes avaHa~e as shag

h3rsepower and can be ugHzed as ~Hows:

to provide part of the sha~ power required to drive the pump

to drive an electrical generator tied into the plant power

supply or producing electrical power for sale

The economic advan~ge of energy recovery depends upon the brine How

rate and pressure, the efficiency of the hydra~ic machine, its capi~l and operating

costs, and its reliabil~y.

2.4.2 H~vdraul~ Machines for Ener~ Recovery

Hydraulic turbines and cent~fugal pumps used as turbines can be used to

transform potential energy in high-pressure liquids to sha~ power. There are three

types of hydraul~ turbines:

~e imp~se type, or Pel~n wheel ~r~ne, s~b~ ~r

Mgh heads.

~he reacGon type, or FranNs turbine, suihable for me-

dium heads

the propeller type, or Kaplan turbine, for low head ap-

plications

All of these turbines have a stationary casing with guiding passages {nozzle~

in which the stage head is transformed partly, or wholly, into velocity. These passages

discharge into a runner. The impulse ~urbine guide passages transform the head into

velocity. In reaction turbines, this transforma~on is only partial, and there is an addi-

~onal pressure drop in the runner.
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Figmre 2.4.1 shows a cross-section of each of these types of turbines. In

impulse turbines a nozzle directs a jet of water into the buckets of the runner. In reac-

tion turbines the water enters the wheel radially and leaves the shrouded buckets in the

axial direc~on to d~charge into a draft tube. The power output of reac~on turbines is

controlled by wicket gates.

Impulse turbines usuaUy are mounted with a horizontal sha~, while reaction

turbines often have a vertical shaft.

Figure 2.4.2 shows the domains of efficient operation of these machines.

The flow handled by the machine d~tes its size.

The speed of a turbine is limited by the mechanical strength of the runner,

by vibration and ca~ta~on considera~ons, and ~ connected to a generator, by the syn-

chronous speeds required for AC power generation. The speed should be as high as per-

missible since the turbine and generator w~l then be less expensive.

If the turbine rotor is allowed to revolve without load and the wicket gates

~r needle) are wide open, it will approach its "runaway speed". Thu~speed controls

are necessary. Furthermore, any overspeed requirement will appreciably increase the

cost of the generator.

Hydraulic turbines are very efficient machines. Their effic~ncies vary from

85% up to 94~.

The specific speed, NS is an important dimensionless parameter for hy-

draulic turbines as well as pumps, since it is related to the maximum head and cavi~a~on

limits.

N~ 1/2 NQ 1/2

H ~4 H 3~

N is the ro~onal speed in rpm

is the power in hp

H is the head in feet

Q is the capacity in gpm
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Figure 2.4.3 shows the specific speed versus head curve for reacUon and

Pelion turbines. The other plot shows the "Thoma ca~Uon paramcteP~ ~, versus

specific speed for Francis and Kaplan turbines.

The crRical cavRaGon condition must not be exceeded for Francis or pro-

peller Kaplan turbines; otherwise, frequent shutdowns for inspection and maintenance

of eroded surfaces will be required. The cavi~Gon condiGon is not n criMcal factor

tot Pelion wheels since atmospheric pressure exits at the bucket discharge. How-

ever, Pelion wheels are subject to wear due to the impingement of the high-velocRy

jet.

Hydraulic turbines are not avaihble as standard lines of equipment. They

must be designed according to the specific condi~ons of flow and head available. When

s~ndard equipment is needed, centrifugal pumps are o~en used as turbines. ’l~e flow

in a cent~fugal pump usedas a turbine Is reversed by applying the head to the discharge

nozzle. A good centrifugal pump can be used as a reasonably efficient hydraulic turbine.

However, a pumpused as a turbinewill be less efficient than in its normal operation.

Type
Specific Speed Ef~ciency as a Efficiency as a

NS
Pump Turbine

Radial Flow 1800 $3% 70%

Mixed Flow 7500 82% 78~

Axial Flow 13500 80% 78%

Figure 2.4.4 is a Karman-Knapp d~gram ~at shows the different zones of operation

of a ra~aNfiow cen~ifugal ~ump.

2.4.3 _Preliminary Selection of Hydraulic Turbines

In order ~o recover ~e ma~mum amou~ ~ sha~ power available ~ ~e

waste b~ne, ~e most ~fi~e~ hydrat~ mach~es should be used. This con~derafion

already ~im~a~s ~e ce~rifugal pumps ~om ~r~er ~vesfiga~on s~ce th~,ir efficMncy

will always he ~wer than ~ ~ a prope~y-des~ned hydrat~ ~r~ne.

The head levis available in most of the "standard plants" selected for ~is



investig~tion suggest the use of Pcl~on impose wheels. In plants ~vith hca~ls below

1000 feet and flow rates of 107 gaHo~, - per day, Francis turbines also can be used.

For turbines used in sys~ms where the liquid under pressure is not ob-

~ined from a natural ~11, normal practice recommends the use of Pelton impulse

whcOs. Pollen impulse wheels are smaller in size and do not require a draft tube

ior discharged flow. They are very rel~ble and easy to service.

2.4.4 Electric Generators

An ~e~ric generator is a rota~ng machine which transforms mechanical

energy into electr~al energy. When the armature is rotated through a transverse

mahn~e~c field, a vol~ge is induced in the conductive armature coil. When a resistor

is connected across the rotat~g coil, a force is exerted on ~he conductor in a direc-

tion ~ oppose the rola~on of the a~nature. The addition of a resistor resets in the

genera~on of e!ectr~al energy and the consump~on of mechan~al energy supplied to

the sha~.

The raffng of aa e~ctrical generator is based upon temperature limita~ons

of the various parts of the machine. The nameplate specifies the rating in terms of:

- ~ectrical or mechanical output

- voltage

- speed a~d overspeed Hm~a~ons

- current

- ~mperature rise abo~e ambient.

"Full load" is the rated power output of the machine. Electrical generator~like elec-

tric mo~r¢ are very effluent machines.

2.4.5 Power Transm~sion De~ces

Coatings are required to ~ransr~it power from the driver (electric motor,



steam turbine or diesel engin~ to the pump, and from the hydraulic turMne to either

an electrical generator or the pump. A number of different types of power trans-

mission couplings are available. The choice of the best type to use must be based

upon considera~ons ot the particular components of the plant and their arrangements.

Possible types of power couplings are:

b. Belts and chains

c. Gears

d Electric couplings

e. Hydraulic couplings

When power is to be transmuted at consent speed from the driver to the pump, both

can be mounted in-Hne and coupled with a simple flanged coupling which directly con-

nects the sha~s. U it is not possible to place the components in-Hne, but it is feasi-

ble for their sha~s to be placed in parallel, belts and chains or idler gears could be

used. Be~s and clmins are not considered most practical for high power and high

speed and are restricted to use in the smaller plants.

When it is desired to transm~ power from one shaft to another and at the

same time effect a speed reduction or increase, belts or chains can be used for the

smaller plants, and gears can be used for higher speeds and large plants. For cases

in which the machinery sha~s are not parallel, gears are the most prac~cal type of

mechan~al couplings

£he Wpe of gears to be used in each of the appl~a~ons depends upon the

power lev~, speed, and arrangement of the components within fl~e plant:. Spur gears

are most economical for power levelu lower than 100 HP. Extemm[ helical or herring-

bone gears : :e preferred for ~rgerpower levels. Bevel gears can be used to couple

shafts at right angles, but they are expensive and seldom used in pump~g sys~m ap-

pl~a~ons. ~arMl~ or coaxial sha~ arrangements are strongly pre~rred.
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Electric and hydraulic couplings are generally used with machinery with

unusual starring charact~ris~cs, and wh..~ it is desired to vary the torque of [he two

components independency.

2.5 Unconventional Systems

A study of unconven~onal schemes for pumping water and recovering en-

ergy from the r~ected concentrated brine was planned as one phase of the project.

Some of the concepts considered were as fellows:

¯ Conden~ng Steam Ejectors as Pumps:

Condensing s~am ~e~ors (an ~ump ~edwa~r ~ ~e

pressure levels required in [he reverse osmos~ process.

However, their effi~ency h ve~, ~w ~f the order of 5%)

so they are not vractic~ un~ss waste heat is really avafi-

a~e.

¯ Ro~ng Membrane Dev~es:

Advances in membrane technology might perm~ the mem-

branes to he mounted at the circumfereuce of rotating cy-

linders. Fresh wa~er would be forced through the mem-

brane by cen~ifugal ac~on while the rejected brine can

flow out along the axis at low pressure. This arrangement

combines pump, membrane, and hydrautic turbi~.e action

in one ~ngle rom~ng uni~.

None of these concepts, or others which were considered, proved to be

a~rac~ve st ~ls time. For the plant sizes cons~ered in this study, the eduipment

effic~ncy is the p~ncipal factor controlling the pumping system’s contribution to fresh

water cost. The ini~al cost of the pumping and energy recovery equipment is a second-

ary ~ctor. R is difficult to propose new pumping schemes or energy recovery schemes

which have the potent~l of being more effic~nt than conventional pumps and turbines.

The most a~racfive methods for reducing the pumping sys#;em’s contribution
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to the cost of fresh water appear to be in the area of total energy conserva~on. The

complete energy balance of a plant, including the source of energy (steam generator 

electrical source, or fuel oH), the driver, the pump, the hydraulic ~rbine and Rs form

of energy output, should be considered as a system op~miza~on problem. This problem

must be ¢9lved for each particular plant because Rs loca~oa, size, and output demand

varia~ens will influence the solution.
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Section 3

SEleCTION OF AVAILABLE PUMPING EQUIPMENT

3. I In~oducfion and Approach

The p~ding Section 2 included a gener~ ~scuss~n of ~e ~pes of pumps

wMch me suimbM for ~e osmo~s desalination ~anm. A preliminary evalua~on

6f the ~rio~ types of pumps ~s~M~d &e field of in~s~tion ~o ~si~ ~s~em~t

~cip~ting ~mps ~d to m~tismge ~ntrif~al pumps.

Table 3.1.1 presen~ a Hsting of a number of manufacturers of ~ese two

types of pumps. These manufacturers were ini~ly reques~d ~ sup~y general cat, log

informa~on on ~eir standard pumps for high pressure service. A study of these sales

cat~ogs permit~d us ~ develop a de~fled questionnaire (cf. Appen~x B) ~atwas sentto

the manufacturers lis~d in Table 3.1.2. Those manufacturers who responded ~ the

questionn~re are identified in this mbM.

The manufacturers’ replies indicated that reciprocating pumps are produced

in sizes suitable for use in smaller destination plants ~ .g., 105 GPD) where ~r e~

fieiency is superior to that of cen~ifugal pumps. Ver~cal cen~ifugal pumps also are

furnished ~ meet the head and flow req~rements of the smaller plants, but their low

effi~ency makes them less a~rac~ve than re~procating pumps.

Cen~ifug~ pumps are av~e to cover the middle size ~ant requirements

(I0 6 GPD~. A number of specific pumps have been salec~d by the man~ac~rers ~

rn~h our var~us ’%tandard ~an~’ spe~fications at ~e pump best effic~ncy p~s

(BE~. This m~cMng is necessary ~ avoid m~n~nance proMems crewed by prolonged

operation ~ off-de~gn condi~ons.

It was ~ffie~t ~ select av~Me pumps for the ~rger size ~ams (1~ GPD)

because ~eir combinations of flow and head req~remen~ are not often encountered in

other pump applieatibhs. The head needed is ~o low ~r s~ndard tw~s~ge cenWi~gal

bofler-~ed pumps ~ will han~e ~e flow. S~ndard deaD, s of b~r-~ed pumps do

not perm~ ready adaption m meet ~e desal~a~on ~a~ design requ~eme~s. Most
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A1Hs-Ch~mers M~. Co.
Mflwa~, W~

Aurora Pump ~s~n, The N. Y. Air Brake Co.
Aurora, ~Hnois

B~lo Forge Co., Pump ~on
B~fa~, New Fork

By~~n Pumps ~c.
Los Angles, Cambria

DeLaval Tu~e, ~c.
Tre~on, New Jersey

E~W~s
Germany (New York, N.Y. Offic~

~ai~ank~Morse, Pump ~sf(n
CoR ~du~es
Kansas CRy, Kansas

Gate,Denver Co.
Q~n~, Illinois

~g~-Rand Company
P~Hipsburg, New Je~

Japan ~e~ Works Ltd.
ToI~o, J~on

Kobe, ~c.
Hunt~on Yank, Cali~rnia

Lawr~ce Pumps
Law~e, Mass.

Ma~o~ Ga~ Mfg. Co. ~c.
Evere~, Mass.

F.E. Myers & Bros. Co.
AsM~d, O~o

New Yo~ Air Brake Co.
New York, N.Y.

TYPE OF PUMP

Screw

Ce~rifug~
Screw

Ce~l
Rec~cati~

Rec~roc~g

CentM~gal
Screw

Table 3. J. 1 Pump Msnu~urers
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MANUFACTURER TYPE OF PUMP

Pacific Pumps Inc.
Huntington Park, California

Peerless Pump ~sion, FMC CoN.
Us Angeles, C~r~a

Fr~ce

Roy E. Ro~ Co., Turbi~ Pump Division
Ro~ Islan~ ~s

Sulzer Bros., Inc.
Germany (New York, N.Y. Offic~

Wo~ngton Corp.
Harrison, New Jersey

Ce~rifugRl

C ent~gal
Screw

Ta~e 3.1.1 Pump Mn nufacturers ~ o~i~e~



Pump Manu~c~ Answer

Mr. J. Dakin
Process Pump Sales
Worth~gton Corporat~n
401 Wor~on Avenue
Hat.son, New Jersey

Information provided.

Mr. D. F. Crego
Product Manager, Fs~ory Sales Group
Cus~m Pump & Compressor Dept.
Allis-Chalmers Company
884 South 70 Street
Milwaukee, W~consin 53201

Some ~rma~on pro~de~

Mr. Robert Fornesi
Cameron Pump Di~s~n
~gevs~NRand Company
Phill~sburg, New Jersey

Information provided.

Marking Ma~r
DeLa~l Tur~ne, ~c.
820 NoOn.am Way
Trenton, New Jersey 08602

Mr. G. V, Ara~
~d~&l Eq~pme~ ~s~n
Baldwin- Lim~Ham~ Co~oraG~
Philad~pMa, Penns~Ma 19142

No information.

Mr. Paul H. Jam~on
Manager of ~du~r~i Sales
Kobe, Incorpora~d
3038 East Slauson Avenue
Huntin~on Park, CaHfor~a 90256

~rmafion provided.

Mr. VoHendorf
Vice Pres~e~ Marketing
Fa~bank~Mor~
Pump Divis~n, Co~ ~du~es
3601 Kansas Avenue
Kansas C[~, Kansas

Par~al ~formafion pro~de~

Mr, Wagner
S~zer Brothers Lim~ed
D~a~me~ 4
8401 W~r~ur
~vitzer~

Table 3. i. 2 Manu~urers Rece~g ~e Quesflonna~e
on Pum~ng Equ~me~
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Answer

Mr. R. Young
Atlantic D~tr~t Manager
Peerless Pump, FMC Corpora~on
76 Beaver S~eet
New York, New York 10005

~. ~ Mu~
~~ ~s, ~c.
10 Kearney Road
N~am, Mas~chu~s 02194

Mr. ~mes Hope
Pacific Pumps
HuSh,on Park
C~i~rMa

I~o~a~n prodded

Information provided.

Informa~on provided

No ~rma~on.

Table 3. i. 2 Manufacturers Receiving ~he Quest~nnaire
on Pumping Equipment ~on~nue~
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manufacturers recommended fl~e use of smaller-flow pumps operaGug in paral!el or

preparaGon of special designs for the 107 G~D plant size. These recommendations

are discussed in SecGon 10.

3.2 Manu~cturers ConCord

~m quest~onn~re of Ap~end~ B was sent ~ the manufacturers Hsmd M

Table 3.1.2. Several ~ the manufacturers were also visi~d ~ order ~ obtain more

~rma~on. The manu~cmrers recommended par~ctar pumps ~om ~e~ product

lh~es which ~ey con~dered m be best s~ted for the ~fferent plants described ~ Figure

2.1.5. ~eir s~ecfion was based on operation ~ the eq~pment ~ BEP and they chose

¯ e most eH~M~ pump avaflaMe ~r each application.

Ta~e 3.2.1 ~s, ~r each ~a~, ~e ~f~re~ pumps which have

been ~xed by ~e manu~c~rers ~gether with ~e~ most impo~a~ ~e~crmanee

c~c~s~. A fi~l figure ~igure 3.2. D summa~zes the ~anges ~ speeds

and ~fic~nc~s ~r pumps that meet the various ~a~ design req~reme~s of head

and ~pacit~

Instruc~ons for the opera,on of hydraulic machinery are always provided

b3 tim manufacturer when a machine is delivered. These instruc~ons are speciflc~l!y

applied to each unit. However, general ground rules can be stated for safe opera-

fion of reciprocating pumps and centrifugal pumps.

3.3.1 Reciprocating Pumps

Be~re starting a new pump, ~s crankcase should be c~aned and fflMd with

off to the oroper ~vel. When pes~b~, the pump should be run at reduced speed but not

run below ~e m~imum speed recommended. The pump shotd be operamd ~r some

hours at a low discharge pressure. The off ~vel and oH pressure must be checked ~e-

quently. The pump may then be brought up ~ f~:]] s~eed and full ~scharge pressure :

gradualS. The pump mu~ n~ be oper~ed at speeds excee~ng ra~d speed or below mini-

mum speed. The specifie~ horsepower and delivery pressure ~mRs must not be exceeded.



To assure proper ~b~cation, ~e pump must be driven ~ ~e direction

~ca~d on ~e ~ame.

ProMems ~ watch ~r dur~g operation ~dude ~e fol~wing:

- Undue heating or abnorm~ no~e

- Air leaks in ~e suc~on ~ne or clog~ng of i~et fil~rs, ff any

- Abnorm~ ~bra~on caused by improper suction condi~ons

- V~ve ~aks con~ibufing ~ a ~g~y fluc~ating ~scharge
pressure

A reciproca~ng pump must Mways be pr~ec~d from excess pressure by

a r~f sa~ v~ve w~ch ~ ~ be ~s~l~d near ~e pump ~ ~e ~scharge ma~.

Th~ v~ve shoed be set to opera~ at about 1 1/4 times ~e ~scharge pressure.

3.3.2 Ce~g~ Pumps

A number ~ gener~ precau~ons mu~ be ~ken ~ ~sure sa~s~c~ry opera-

fion cf a cen~i~g~ pump during the s~r~up pe~od and operating per~ds.

Check ~ ~1 e~ern~ sur~ces are c~an and p~ming cond~ions are sa~s-

fled. Then, ~st ~e driver ~r ro~fion; ~e arrow on ~e pump casing will show the

corre~ ro~fion. C~eck ~e alignme~ of pump and driver.

The bear~gs mu~ be ~br~a~d he.re s~rmp. Guidel~es ~r va~ous

~pes ~ bea~ngs ~ow:

- KingsburyThrustBear~gs: When s~rted for ~e first time, a gener-

ous amount of off shoed be poured ~to ~e busing where the ~rust shoes are ~ca~&

- Grease-Lubr~a~d B~I Bearings: The bearings are ususl|y packed

wi~ ~e corre~ amoun~ ~ grease be~re leaving the ~c~ry. Remove ~e hous~g cover

~ check ~r de~or~n and re~ace accor~ng to ~s~uc~ons ~ necessar~

- OiNLub~ca~d Ba~ Bea~ngs: Flush out ~e bear~gs and housings ~

69



kerosene or carbon tetrachloride. FHI the reservoir to the proper level and see that

the oH is malnUined at the correct level while in operatMn.

Before surfing ~e pump, route the unit by hand through at least one com-

pete rev~n ~ make sure that all parte are gee. The pump mu~ always be s~ar~d

against a closed gate valve. The surfing procedure should be as follows (Ref. 2~ 

(F~ure 3. ~1. illustrates ~cal ex~rnal service~ involved in s~rtu~

Prime the pump, open the suc~on valve, and close

the drains to prepare the pump for opera,on.

Open the valve in the cooling-water supply to the

bearings.

Open the valve in the coeling-wa~r supply if the

stuffing boxes are water-cooled.

Open the valve in the sealing Hquld supply if the

pump is so fitted.

Open the valve in the rectrculating line ff the pump

should not be operated against dead shut-off.

6. Start the motor.

7, Open the ~scharge valve ~owly.

O~eNe the ~akage ~om ~e st~f~g-boxes and

a~t the seal~g Hq~d val~ ~r ~e~r flow ~

insure the lubricaMon of the pacing, E ~e pac~

~g ~ new, do not Gghten up on the ~and imme-

d~tely, but ~t the pacing run in b~ore reduc~g

the ~sk~e ~ugh the sm~n~bo~s.

Check the general mechanical opera,on of the

pump and motor.
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10. Close ~e v~ve ~ ~e rec~c~aMng Mne once there

~ suffic~ flow ~rough ~e pump ~ prevent over-

heaGng.

On ~Gsmge pumps ha~ng a b~ancin~chamber ~akoff, make sure that

¯ e ~ak~ff Hne is not res~d or closed ~ any Gme dur~g operagon.

Pe~o~c ~specGons ~ho~d be made wh~e ~e pump ~ running. The s~ff-

~box should be a~us~d so ~at ~ere is enough ~akage to lub~ca~ ~e pacing. The

st~fing.box pressure should not exceed ~e Hmit imposed ~r effi~e~ operagon. Too

much ~Gon due ~ s~ffin~box overpressure may reset ~ a ~rge drop of ~e ~ump

effi~eney.

Stuffing-Boxes and Pac~n~s: Severe sucGon condiGons will req~re spe~

stuff~g.box arrangements and spec~l types of pacing. Stuffing-box arrangeme~s also

vary wi~ ~e application ~r which ~e pump is used. The bea~ngs shoed be checked

~r ~1 ~v~, M1 c~c~aGon and adequ~e coolin~wa~r. The by-pass Hro mu~ be opened

when ~e tump is opera~d ~ shutoff cr ~es ~an 20% ~ norm~ capa~.

Gener~ly, ~e s~ps fol~wed ~ s~p a pump wh~h can opera~ aga~st a ~osed

gain v~ve are as follows:

1. Open ~e v~ve ~ ~e recirculating l~ne.

2. Close ~e ga~ v~ve.

S~p ~e moor.

4. Close ~e v~ve in ~e coM~w~er supp~ to ~e

bear~gs and to water-cooled stuffing boxes.

5. E ~e se~g l~qu~ supply ~ not requ~ed wM~ the

pump is i~e, close ~e v~ve in ~is supply line.

6. C~se ~e sucGon v~ve and open ~e dr~n v~ves

as requ~ed by the partic~ar ~s~llation or ff the

pump is ~ be opened up ~r ~specGon.
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h~ case ~e pump is of a type which does not perm~ operation against a

closed ga~ valve, s~ps 2 and 3 are reversed.

ban in
suction
vess~

cooing wMer

Figure 3.3.1 Va~ous Cormec~ons and Auxiliary Serv~es
To A CenWifugal Pump

H a pump is not to be used continuously in the desalination process, it

should be flushed with clean water after its opera,on.

3.4 InstaHa~on, Founda~on and Maintenance Procedures

3.4. I Inst~Hation Procedures

Reciprocating pumps should be set level, accurately aligned with the driver,

and located as close as possible to the water supply in order to keep the suction piping

short and direct. The required pos~ive suction head should be provided.

The sutton ~ng should be the full size of the pump su~ion ope~ng and

must be abstu~ ~gM. ~ bends are necessary, ~ey should have a ~ng rad~s.

Tte pump shoed be eq~pped with a suction surge chamber and a ~s charge surge chamber.
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Ce~ri~gal pumps should be easily acces~Me, as close to ~e ~ed wa~r

sup~y as poss~, and preMraNy below the level of the l~u~ to be pumped. Am~e

space should be prodded around the pump mr its ~smanfling and inspec~on.

Once ~e base~e is ground to the ~unda~on, the inhaler must check

the hor~ontul, verGcal, and angular alignment of ~e pump and driver shafts. When

checMng the aligume~ of ’~uld" eq~pment, allowance must be made ~r the ~fferent

thermal growth character,s of the pump and driver. Figure ~. 4.1 shows various

types of alignment and checldng procedures. There are a number of methods ~r check-

ing ’alignment; ~eir selecGnn depends upon the ~pe of coupling used. These methods

are well descried in pum~ng equ~ment manual.

Suc~on and discharge ~ping should be of ample size and should be routed

directly with a minimum number of bonds. Fluid velo~ty ~vels of 8 ~et per second

for suction lines and 15 fps for discharge lines are current prac~ce. The piping should

be suppor~d independent of the pump and should be prodded wi~ expan~on loops br

high-pressure service. The pip~g arrangemen~ must be checked afar erection to be

sure ~at piping loads on the pump cas~g do not cause misaligument of the pump and

driver shafts.

The suc~on pipe must be short, direct, and kept free of air pockets. Long

radius elbows preferably should be set vertically. The end of the suc~on pipe sho~d

be the manufacturer’ s recommended distance below the minimum level of the feed

water supply. A pump should never be throt~ed on the suction side.

The discharge pipe must be equipped with both a check valve and a gate valve.

The gate valve is useful in starting and priming the pump, while the che6k valve will pre-

vent the pump from running backward when stopped.

A~ ~ng is ~y ~ pro~de co~ng water ~r ~me or all of ~e

fo~owing services:

- stuffing-box cooling

- stuffing-box sealing
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- ~be-~l cooling

- be~dy co~g

- pump sup~ co~g

By-pass ~. e., rec~cula~n~ p~g should also be prov~ed ~ prevent ove~ea~ng

and flas~ng ~ ~e l~d in ~e pump at ~w catches.

3.4.2 Foundat~n Req~rements

Reciproca~ng pumps should be installed so that they are level and solidly

bo~ed down. Structural steel ra~s can be used; these are grouted and bolted to the

floor. If a poured concrete founda~on has been provided, care must be taken to level

the unit and rest it on all four feet. For pumps with separate drivers, it is recom-

mended ~at the pump and the prime mover be mounted on a common base.

Founda~ons for vertical centrifugal pumps should be rigid and substantial

in order to provide a vibration-resistant mounting. The thickness and ground area

required for the founda~on will depend upon the firmness of the supporting earth. A

centrifugal pit is needed for some pumps. The top surface of the concrete foundation

should be roughened in order to provide a good bonding surface for the grout.

Foundations ~r ho~zo~ cen~i~g~ pumps shotd be suffi~ently ~d

and substantial to prevent any undue pump vibration and to suppo~ the bedph~ at all

p~s,

The re~rced concrete ~und~ns should be poured well in advance of

pump instaHa~un. A ~mpla~ can be used ~r the ~unda~on bolts. The top surface

of the founda~on should have a rough finish in order to prov~e a good bonding surface

for the grout. The pump base~a~ must be set level before ~gh~Mng down the founda-

t~n bolta; once this last opera,on is comple~d, the basepla~ should be rechecked

with a level and proper a~ustment made by wed~ng or sMmming.
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Foundation procedures are given in deta~ in manufacturers’ manuals and

eteva~on drawings for each type of pump.

3.4.3 Maintenance Procedures

A lis$ of recommended Inspection and ma~nance opera~ons ~ always pro-

vided w~h a new pump. However, some general ground rules as desc~bed below are

~p~a~e.

1. Rec~rocating Pumps

Monthly and semNannual inspe~n per~ds are suggeste~

However, operating expe~ence acqu~ed with a un~ in its

particular ap~afion will permit a defl~ton of a more flex-

~le schedde. These m~or par~ of the pump must be checked

if serious damage is to be avoided:

- valve seats in the cylinder block

- Hner seats in the cylinder block

- the lubrica~on system.

Routine daffy checks should be made ~ the lubricating sy~em

off pressure and oH ~vd, ~e scaven~ng sy~em ~verflow

dr~n from the spacer ~oc~, and pump ~akage and n~se.

Routine checks shoed be made wee~y of ~e rd~f v~ve set-

ting, ~ppage f~om ~tmgers, and leakage f~om be~veen the

liner ~ands and the cylinder block.

Any evidence of p~e sc~e or foreign matter in the fluid

represents a sign of potent~l damage to aH pre~s~n fi~ed

parts in the sys~m.

The spare parts which should be kept in stock are: gask~s,

seals, va~es, and when the pump cannot be shut down ~r a

pe~od, a ~unger and liner assembly or possibly a complete

set of ~ungers and liners.
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2. Centri~g~ l~umps

Hourly or daffy inspections should be made for centrifugal

pumps. The operator should be alert for irregularities in

the operation of the pumps ~. g., unusual noise or vlbra-

ton~. Any trouble symptoms should be reported and ana-

lyzed. St~fing-box operation and bearing temperature

should be checked periodically. An abrupt change in bear-

ing temperature is a sign of trouble.

SemNannual and annual inspections should be scheduled to check the follow-

ing:

check capacity and pressure to determine whether leakage

has increased to the point where new wearing-rings, seals,

etc. are required.

check for free movement of the stttffing-box glands, clean

and oil the gland bolts and nuts.

a~u~ the ~and to reduce excessive teakage, and ff needed,

~eakage is too ~gh) re~ace the pac~n~

A complete overhaul of the pump may be requ~ed annually depending upon

the operating conditions. The pump should be dismantled so that the rotor can be in-

spected. The condition of the sha~ should be checked at the i:npeller hubs under the

shaft ~eeves, and at the bea~ngs. There may be signs of leakage ~ong the sha~ at

the impair or shaft sleeves (rusting or pitting. Also check for possthle shaft ~s-

tor~on due to impeller unb~ance. The impvilvrs should be checked for eros~n at

the iMet. Worn shaft sleeves should be replaced when the stuffing-box packing is

changed. The cas~g waterways must be kept clean and free from rust.

The minimum set of spare parts which should be kept on hand includes:

- one set of bearings

- one set of shaft sleeves and shaft seals
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- one complete set of wearing rings ~asing and impeller ~ng@

- one a~omatic offer

- packing for the stuffing-boxes and glands.

~ the pump is to be operated continuously and may be subjected to corrosion pitting,

a complete rotor should be purchased as a spare with the pump.

3.5 Aera~on Problems and Material Selection

Aeration Pro~ems:

The quantity of air admitted to the pump in the feedwater ~ critical. A

smaH amount of air admired in the suction has been shown to reduce cavitational pit-

ting in a pump. However, once the acceptable level of air is exceeded, the air forms

bubbles in low pressure areas. These bubbles expand and then collapse, causing

damage to the material very much Hke cav~ational pittin~ The oxygen accompanying

the air contributes to corrosion as well.

Some ma~s wi~stand the pre~ce ~ a~ better than others. A ~e-

taffed chemi~l ana~s~ ~ the ~edw~er, ~ud~g i~ a~ co~e~, is required before

selecting the m~e~s to be used in a pump ~r sM~e w~er service.

A common pump mater~l is cast ~om ~ must be covered by a protective

paint coating or ~ wffl not withstand the corros~e effec~ of brackish and sea water.

Cast ~on cannot be used for pump surfaces exposed to high ve~cities which will erode

the paI~ ~yer.

Bronze alloys are not suitable for use with the high pressures and velocities

of the saline water in the pump waterways.

A report presented by the International Nickel Company, Incorporated, to

the Office of Saline Water in 1965 included ahoy suggestions for pump components in
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large mul~stage flash dist~lat~n plants. These pumps operate with low discharge

pressures and handle very high flow rates. The recommenda~ons of this report were

as fellows:

¯ Pump Shaft: "70 - ~0 Ni-Cu Alley ASTMBI27, since this ma~

has grea~r res~tance to ~tting and cre~ce corros~n than Sta~ss Steel

316, is re~sta~ ~ stress corros~n crac~ng, has ~r~al~ the same re-

sistance ~ v~o~ ef~s as ~aiMess Steel 31~!

- Pump C~sings and Impellers: Stainless Steel 316

- Wear~g Rings: "K" Monel

The pump manu&c~rers eontr~uting to the present study co~d repo~ very

li~le opera~ng exper~nce w~h brackish water or sea wa~r for the types of pumps

suitable for use in reverse osmos~ plants. However, most manu~cturers recommend

the following materials for the pump components:

- Stainless Steel 316 for all we~ed pa~ts

- Nl Resist as an a~ernafive for the casings

Cast iron with a protective coating was also mentioned

for vertical pumps

- "K" Monel and ceramic plungers for recipro~ating pumps.

78



~n~acmrer ~,mp Type Spee~rpm Effl~enc¾% ShaR

PLANT N~ 1 HEAD = 867 ~.

WortMngton CentriL - 2 Stages 3550 38.5

hgersoH-Rand Cen~ - 4 Stages 3500 50

Peerle~ Pumps Cen~ - 15 Stages 3600 70

Kobe Re~pro~ting 416 90

Gardner-Denver Rec~rocatng 450 90

Ho~zontal 91/2 HNB-103

Ver~cal 1-1/2 VP

Ve~ical 6 LB-15

Size 3F

PS-25

CentrH. - 12 Stages 3550 68 Vertical 100 VLT

Class Ma~rlnl

CAPACITY = 86.75 gpm

StaiMess Steel 316

Stai~ess S~el 316

S~i~ess Steel 316

StaiMess Steel 316

A1-Br + Ceram~
Plungers

Stai~ess S~el 316

P~NT N~ 2

WortMn~on

~rsM~Rand

Peeress ~mps

Ko~

Gardner-Denver

Byron-Jackson

~AD = 867 ~.

CentriL - 2 Stages 3550 39.

Centre. - 4 ~ges 3500 53

Centrff. - 15 Stages 3600 71

Reciprocating 416 90

Reciprocating 375 90

CentriL - 12 Stages 3550 70

Horizontal 1-~2 HNB-103

Ver~cal 1-I/2 VP

Vertcal 6 LB- 15

Size 3F

TA-3

Vertical 100 VLT

Stainless S~el 316

SmiMess Steel 316

Stainless ~eel 316

S~inless Steel 316

A1-Br + Ceram~
Plungers

Stainless S~el 316

PLANT NO. 3

Wo~Mn~n

~rsoll-Rand

Peeress Pumps

Ko~

Gainer-Denver

~ron-~son

Byron-J-a~on

HEAD =

CentriL - 2 Stages

Cen~ - 6 S~ges

Cen~ - ~ Stages

Re~procatng

Rec~roeating

Cen~if. - ~ ~ages

Cen~iL - 6 Stages

Table 3.2.1

867 ft.

3550 45

3500 54

3600 78

371 90

500 90

3550 70 Vertical

3550 63 Horizontal

Manufacturers’ Selections

Horizontal

Vertical

Vertical

CAPACITY = 138 gpm

1-~2 UNR-11

1-~2 VP

6 LB-15

Size 4J

TA-3

200 VLT

SD2x3x7

Stainless Steel 316

Stainless Steel 316

Stainless Steel 316

Stainless Steel 316

ANBr + Ceramic Plungers

Stainless Steel 316

Stainless Steel 316



b~nufacturer Pump Type Speed, rpm Effi~eney,% Shaft Class Martial

PLANTNO. 4 HEAD = 867ft. CAPAC1TY=867.50gpm

Wor~gton 3550 68

Ingers~Rand 3500 71

Peeress Pumps 1760 82

Fairbanke-Morse 3500 70

Byron-Jackson 1750 80

Byron-Jackson 3550 74

CentriL - 2 Stages

Cen~iL - 2 Rages

Cen~if. - 11 S~ges

CentriL - 2 stages

CentriL - 11 Stages

Cen~if. - 2 ~ages

Ho~zo~ 5 UNB-13

Ho~zo~ 4 GTR

Ver~cal 12 LB-11

Horizontal 5972

Vertical 500 VLT

Horizontal SD 6 x 8 x 10

Stainless Steel 316

Stainless Steel 316

Stainless Steel 316

Stainless Steel 31~

Stainless Steel 316

Stainless Steel 316

PLANT NO. 5 807 ~

Worthington CentriL - 2 Stages 3550 72

Ingersoll-Rand Cen~’iL - 2 Stages 3500 73

Peerless Pumps CentrlL - 12 Stages 1760 81

Fairbanks-Morese CentrlL - 2 Stages 3500 74

Byron-Jackson Cen~’lL - 2 S~ges 3550 76

~AD = CAPACITY = 993 ~pm

}~rizontal 5UNB-13

Ho~zontal 4 GTR

Ver~eal 12 LB-12

Horizontal 5972

Horizontal SD 6 x 8 x 10

Stainless Steel 316

Stainless Steel 316

Stainless Steel 316

Stainless Steel 316

Stainless Steel 316

PLANT NO. 6 HEAD = 867 ~. CAPACITY = 1380 gpm.

Worthington Centrlf.

Ingersol~Rand CentrlL

Peerless Pumps CentriL

Fairbanks-Morse CentTIL

Byron-Jackson Centrif.

Byron-Jackson CentriL

PLANT NO. ?

Worthington CentrIL

Ingersoll-Rand CentT_ ~.

Peerless Pumps CentwiL

Byron-Jackson CentrlL

- 2 Stages 3550 79 Horizontal 5 UNB-13

- 2 Stages 3500 71 Horizontal 4 GTR

- 7 Stages 1760 78 Ver~ca] 15 LC-7

- 2 Stages 3500 75 Horizontal 5972

- 2 Stages 3550 74 Horizontal DVDS 8 x 8 x 12

- 1 Stage 3550 73 Horizontal

Stainless Steel 316

Stainless Steel 316

Stainless Ste~ 316

Stai~less Steel 316

Starless Steel 316

HEAD = 867 ft.

- 2 Stages 1750 81

- 2 Stages 1750 85

- 7 Stages 1760 82

- 2 S~ages 1780 84

Table 3.2.1

CAPACITY = 8~675 gpm

Ho~zontal (2)x ~UZD-1

Horizon~l 14 GA

Vertical @) x 15LC-7

Ho~zon~l DVSS 14x14x29

Manufacturers’ Se~ns (Co~ue~

Stai~ess Steel 316

S~i~ess Steel 316

Stainless Steel 316

Stainless S~el 316



Manufacturer

PLANT NO. 8

Wor~on

~gersoH-Hand

Peeress Pumps

Speed, rpm Effic~ncy,% Sha~ Class Ma~

HEAD = 867 ft. CAPACITY = 9,930gpm

1750 84 Ho~zontal (2) x :12 UZD-1 StaiMess Steel 316

1750 85 Ho~zontal 14 GA StaiMess Steel 316

1750 82 Vertical ~) x 15 LC - Stainless Steel 316

Cen~ff. - 2 Stages

Cen~ - 2 Stages

Cen~iL - ? Stages

PLANT NO. 9

Wo~n~on

Peerless Pumps

HEAD = 867 ~.

CentriL - 2 Stages 1750 83

CentrlL - 2 Stages 1750 80

CentriL - ?Stages 1750 82

CAPACITY = 13,880 gpm

Horizontal (2) x 12 UZD-1 Stainless Steel 316

Horizontal 14 GA Stainless Steel 316

Ver~cal ~) x 15 LC-? Stainless Steel 316

PLANT NO. 10

Wor~on

~gers~Rand

Peerless Pumps

Kobe

Gardner-Denver

Gardner-Denver

Byron-Jackson

Cen~if. - 5 Stages

Cen~ii - 6 Stages

Cen~iL - 22 ~ages

Re~proca~ng

Rec~rocating

Re~procaH~g

Cen~iL - 19 ~ages

HEAD = 1320 ft. CAPACITY = 86.75 ~,pm

3550 46 Horizontal 2 WT-85

3500 51 Ver~cal 1-1/2 VP

3600 67 Ver~cal 6 LB-22

416 90 Size 3~

300 90 TA-3

175 90 TA-4

3550 68 Ver~cal 100 VLT

Stai~ess Steel 316

Stainless Ste~ 316

Stainless Ste~ 316

Stainless Steel 316

A1-Br, Ceramic Plungers

A1-Br, Ceramic Plungers

Stai~ess ~eel 316

P~NT N~ ii

Worthin~n

~gersoll- Ra~

Peerless Pumps

K~e

Gardner-Denver

Gardner-Denver

~ron-~son

HEAD =

Cen~iL - 5 Stages

Cen~if. - 7 Stages

CentriL - 22~ages

Re~proca~ng

Re~proca~ng

Rec~roca~ng

Cen~if. - 19~ages

1320 ft. CAPACITY = 99.30 gpm

3550 51 Horizontal 2 WT-85

3500 53 Ver~eal 1- ~/2 VP

3600 67 Vertical 6 LB-22

416 90 Size 3F

350 90 TA-3

200 90 TA-4

3550 70 VerHcal 100 VLT

Stainless Steel 316

Stsinless Steel 316

St~nless Steel 316

Stainless Steel 316

Ai-B~ Ceram~ Plungers

A1-B~ Ceramic Plungers

Stainless S~cl 316

Table 3.2.1 Manuhcturer~ Se~ct~ns (Con~nue~



Manutaeturer Pump Type Speed, rp*n Efficiency,% ghn~ Class Mate~al

PLANT N~ 12 ~ HEAD = 1820 ~. CAPACITY = 138.80 gpm

Wortbingkon CentriL - ~ ~t~ges 3550 58 Hor~zon~l 2 WT-8~

Ingersoll-Hand Cent~L - 7 Stages 3500 56 Vertical i-//2 VP

Peerless Pumps CvntriL - 19 Stages 3600 70 Vert~al 5 LB-19

Kobe l~eeiprooat/ng 371 90 Size 4J

Gardner-Denver Reeiproeatng 500 90 TA-3

Gardner-Denver Reeiprocatng 250 - 275 90 TA-4

H3~on-Jackson CentriL - 22 Stages 8550 70 Verteal 2O0 VLT

Byron-Jackson CentriL - 10 Stages 3550 70 Vertical Hydropress 12H

S~i~ess ~e~ 31~

S~i~ess ~e~ 316

Stai~ess Steel 316

Stai~ess Steel 316

AI-Br, Ceram~ ~ungers

AI-Br, Ceram~ Plungers

S~ss Steel 316

Stai~ess Ste~ 3]6

PLANT N~ 18 HEAD = 1320 ~ CAPACITY = 887.5 glgm

Wor~on CentriL - 4 Sta~s 3550 71 Ho~zo~ 4 UNQ-I1 S~i~ess Steel 316

~rs~Rand CentriL - 8 Sta~s 3500 72 Horizontal 3CNTA S~i~ess Steel 316

Peeress Pumps Cen~iL - ii ~a~s 3600 78 Vertical 10 LA-11 Stai~ess Steel 316

Byron-~ekson Cen~ff - 4 Sta~s 3~50 80 Horizontal DVMX4x6x9C Stai~ess S~et 316
~603-~

PLANT NO. 14 HEAD = 1320 ~. CAPA~TY = 993 ~m

Wor~on Cen~iL - 4 ~a~s 3550 72 Horizont~ 4 WTF-I~ Stai~ess Steel 316

~gers~Rand Cen~iL - 4 Sta~s 3500 78 Hormonal 5 HMTA ~ess Steel 316

Peeress Pumps Cen~ - 17 Stages 3600 75 Ver~cal 10 LA-12 Stai~ess ~eel 316

PLANT NO. 15 HEAD = 1320 fL CAPACITY = 1388 g’pm

Worthington CentriL - 3 Stages 3550 78 Horizontal 6WTL-123 Stainless Steel 316

Ingersoll-Rand Centre. - 6 Stages 3500 70 Horizontal 5 HMTA Stainless Steel 316

Peerless Pumps CentriL - 11 Stages 1760 78 VerHcal 15 LC-11 Stainless Steel 316
Worthington CentriL - 2 Stages 3550 68 Horizontal 6 UZD-1 Stainless Steel 316

Byron Jackson CentriL - 4 Stages 3550 78 Horizontal DVMX4x6xgC Stainless Steel 316
~603-2)

Table 3.2.1 ~nufacturers’ Selections (Continued) -



PLANT NO. 15

Worth~gton

Ingersoll-Rand

Peerless Pumps

HEAD = 1320 ft.

Spee~ ~m Effic~nc~ % Sha~ Class Ma~

CAPACITY = 8,675 ~pm

8550 78 Horizontal (4) x 6 WTF-124 Stai~ess Reel 316

1750 85 Ho~zon~l 14 GA ~ni~ess Steel 316

1760 82 Vertical ~) x 15 LC-11 ~ainloss Ste~ 316

Cen~ - 4 Stages

Cen~il - 2 Sta~s

Ce~i - 11~a~s

P~NT N~ 17

Worthington

Ingersoll-Rand

Peerless Pumps

HEAD = 1320 ft.

CentriL - 4 Stages 3550 78

Centrii - 2 Stages 1850 85

Centri/ - ? S~ages 1760 82

CAPACITY = 9,930 gpm

Horizontal (4)x6WTF-124 Stainless Steel 316

Horizontal 14 GA Stainless Steel 316

VerHeal ~)x 15 LC-? Stainless Ste~ 316

PLANT NO, 18 HEAD = 1320 ft. CAPACITY =

Worthington Centrii - 4 Stages 3550 78 IIorizontal (6)x6WTF-124)

Ingersoll-Rand CentriL - 2 Stages 2000 80 IIorizontal 14 GA

Peerless Pumps Cen~riL - ? Stages 1760 82 Vertical ~) x 15 LC- 

Byron-Jackson Centri~ - 2 Stages 3600 75 Horizontal DVDS-14x 16xlS

13,880 gpm

Stainless Ste~ 316

~ai~ess Steel 316

Stai~ess Steel 316

S~inless Steel 316

P~NT N~ 19 HEAD = 1765 It. CAPACITY = ~.~ ~m

Worthington Centri/ - 7 Stages 3550 47 Horizm~al 2 WTF-S7

Ingersoll-Rand Centri/ - 8 Stage~ 3500 50 VerHcal 1-1/2 VP

Peerless Pumps Cen~’if. - 12 Stages 3600 51 VerHeal VDM

Kobe Reciproca ~lng 416 90 Size 3F

Gardner-Denver Reciproca~ng 350 - 400 90 TA-3

Gardner-Denver Reeipruca~ng ~00 - 225 90 TA-4

Staiuless Steel 316

StaiMess Steel 316

Stainless Steel 3]6

Stainless Steel 3]6

AI-B~ Ceramic l~ungers

A1-B~ Ceramic t~ungers

Table 3.2.1 Manu~cturers’ S~ccH~s (Co.hnue~



Class

PLANT NO. 20

Wor~gton

Ingers~l-Rand

Peerless Pumps

Kobe

Gardner-Denver

Gardner-Denver

HEAD = 1765 ft.

Cent~L - 7 Stages 3550 51

Centre. - 8 Stage~ 3500 53

CentriL - 12 Stages 3600 53

Reciprocating 416 90

Reciprocating 450 90

Reciprocat~g 250 - 300 90

CAPACITY = 99.30 hq~m

I~zontal 2 WTF-87

VerHcsl 1-i/2 VP

VerHc~l VDM

Size 3F

TA-3

TA-4

~ai~ess ~eel 316

S~i~oss Steel 316

~ess ~eM 316

S~i~ess ~e~ 31~

A~BL Ceram~ ~un~ers

A~Br, Ceramic P~ungers

PLANT NO. 21

Worflfington

Ingersol~ Rand

Peerless Pumps

Kobe

Gardner-Denver

Byron-Jackson

HEAD = i~65 ~L

Centrif. - 8 Stages 3550 58

Centrif. - S Smge~ 3500 56

CentriL - 14 S~ges 3600 56

Re~proca~ng 371 90

Reciproca~ng 350- 400 90

CentriL - 30 Stages 3550 7~

CAPACITY = 138.8 ~m

Ho~zon~l 2 WTF-88

Ver~cal 1-1/2 VP

Ver~cal VDM

Size 4J

TA-4

Ver~csl 200 VLT

S~iMess Steel 316

StaiMess Steel 316

Starless Ste~ 316

Stainless Steel 316

AI-B~ Ceramic Plungers

S~fless Steel 316

PLANT NO. 22

Worthington

Inger sol~ Rand

Byron-Jackson

HEAD = 1765 ft.

CentriL - 4 Stages 3550 75

CentriL - 7 Stages 3500 74

CentriL - 9 Stages 3550 75

CAPACITY = 867.5 gpm

Ho~zon~l 4 WTF-124 Stai~ess Steel ~16

Horizontal 4 HMTA Stai~ess Steel 316

Ver~cal 400 VLT S~in~ss Steel 316

Wo~Mn~on CentriL - 4 Stages 3550 76 Ho~zo~ 4 WTF-124 S~ss Ste~ 316

~gersoll-Rand Cen~riL - 5 ~ages 3500 78 Ho~zon~l 5 H~TA S~inless Ste~ 316

Byron-Jackson Ce~L - 4 ~ages 3550 79 Hormonal DVMX4x6xgD S~ss Ste~ 316

Table 3.2.1 Manuhcturers’ Selections (Congnue~



Manuh~urer

PLANT NO. 24

Speed, rpm

HEAD = 1765 ~.

Wor~on CentriL - 4 Stages 3550 78

~gersMNRand Cen~if. - 5 S~ges 3500 78

Byron-Jackson Cen~iL - 4 ~ages 3550 80

Byron-Jackson Ce~L - 5 Stages 3550 78

Effic~nc~ % Shaft Class Ma~

CAPACITY = 1388 gpm

Horizontal 6WTF-124 S~inless Ste~ 316

Ho~zoa~l 6 HMTA~ow pres. S~in~ss Steel 316
casin~

Ho~zon~l DVh’LX4x6x9D Stainless Steel 316

Ho~zon~l DVh’IX4x6x 10P S~inless Steel 316

PLANT NO. 25 HEAD = 1765 ft. CAPACITY = 8,675 gpm

WortMngfon Cent~L - 4 ~ages 3550 81 Hor~ontal ~) x 6 WTF-124 S~inless Ste~ 316

Ingersoll-Rand Cent~L - 4 ~ages 3500 80 Ho~zon~l ~) x 8 HMTA S~iMess Steel 316
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PLANT NO. 26

Wo~Mn~on

~gers~Rand

Byron-~ckson

HEAD = 1765 ft.

CentriL - 5 Stages 3550 79

Centrih - 4 St~ge~ 3500 79

CentriL - 2 Stages 3600 85

CAPACITY = 9,935 gpm

Hor~on~l (4)x6WTF-125 S~less Steel 316

Ho~zon~l ~) x 8 HMTA S~i~ess Steel 316

Ho~zont~ DlrDS 14 x 16x 18 S~hdess Steel 316

PLANT NO. 27

Worthington

Ingersol~Rand

Byron-Jackson

HEAD = 1765 ~.

Ce~L - 5 ~ages 3550 82

Ce~L - 4 ~ges 3500 79

Ce~L - 2 ~ages 3600 82.5

CAPACITY = 13,880 ~)na

Ho~zon~l (6) x6WTF-125 Stahfless Steel 316

Horizon~l ~) x 8 HMTA S~less Steel 316

Horizma~l DVDS 14 x 16x 11 S~inless Steel 316

PLANT NO. 28 HEAD = 3340 ~.

Worthington Centr[L - 9 Stages 3550 58

tngersolbRand CentriL - 17 S~ges 3500 05

~gersol~Band tentrih - 9 Stages 3500 ~2

Gardner-Denver ReciproeaHng 175 85

[~ron-Jackson Ccnt~h - 12 Stages 3550 57

CAPACITY = 173.30 gpm

Horizoatal

VerHcal

Horizontal

Horizontal

2-1/2 WTZ-129

2- 1/2 VHTB

3 HMTA

PA-8

DVhIX 3x4 x9 A

Stainless Steel 316

Stainless Steel 316

SLninless Steel 316

AI-B~Ceramic Plungers

Stainless Steel 316

Table 3.2. 1 Munu~cturers’ Selections (Continued)



Mauu~urer Pump Type ~me~ rpm Effic~ney,% Shaft Class h~r~l

PLANT NO. 29 HEAD = 3340 ft. CAPACITY = 1,733 ~m

Wo~n~on Ce~L - 7 S~ges 3550 77 Horizontal 6WTF-127 S~ss ~e~ 31~

PLANT NO. 30 HEAD = 3340 fL CAPACITY =17,330 gpm

Worthin~on Ce~L - 9 ~ages 3550 80 Ho~zon~l (7) x 6 WTF-129 S~ss Steel 316

T~ble 3.2. 1 Manu~eturers’ Se~ct~ns (Con~nue~

NPSH Requirements (mi~

Worth~gton - horizon~l 40 feet

Ingersoll-Rand - verHcal 40 feet
ho~zon~l 40 feet

ver~cal 50 feet

ver~cal 20 feet
horizon~l 30 feet

horizon~l 30 feet

reeiproca~nff 100 feet

reeiproca~ng 20 feet

Peeress Pumps

Byron-Jackson

Fairbanks Morse

Kobe

Gardner-Denver

In Class column whenever (5) x class 
indicated, it means that 5 units of tbnt
class are operated ~ parall~
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Checking VerHcal Anguhr M~alignment Checking Ho~zo~ Anguhr Misal~nment

Checking Vertical Alignment
Checking Horizontal Alignment

Figure 3.4.1 Various Alignment Checking Technieues
(From Ingers~l-Ran~



Section 4

SELECTION OF ENERGY RECOVERY SYSTEMS

4.1 Introduction and Approach

A pr~iminary evalu~on of hydraul~ turbines ~r use in energy recovery

systems was presen~d in Section 2.4. As a result of this ev~uation, Pelton impulse

~rb~es and Francis react~n turbines were selected as berg s~ble for reverse os-

mosis desM~ation ~ants. The design re4u~ements ~r these tur~nes, coxrespcnding

to the "standard’ ~ants of Sect~n 2.1 in~udMg the effec~ of brine-side pressure drop,

are given in Figure 4.1.1. These design re4uirements were incorpora~d in a ques-

fionna~e sent ~ hydraulic turbine manufacturers. The ques~onnaire, which is included

~ this report as Appendix B, reques~d de~i~d ~ch~cal prong ~%rma~on on currentiy-

offered eq~pment.

The hydraulic turbine questionnaire of Appendix B was sent to the manufac-

turers listed in Table 4.2.1. The list of hydraulic turbine manufacturers is much short-

er than the list of pump manufacturers. Only a few of the manufacturers responded to

the inquiry. Hydraulic turbines are custom-designed machines, so it is more difficult

for the turbine manufacturers to reply to the ~ues~onnaire than ~ was for the pump manu-

facturers w~h their standard product lines. The turbine manufacturers who did respond

and a list of their selections are presented i~ Table 4. ~. ~, Most o1 ~ae hydraulic turbines

selected have efficiencies of 85% or higher.

The needle position in the Peh6n turbine nozzle can be controlled automatically

or manually. The nee~e position can be used to re~ula~ the pressure and flow rate pro-

duced by the pump and adm~d to the membrane sys~m. Thus, the needle valve can ~ke

the place cf the throttle v~ve arrangement which is zequi, ed ~ zegnla~ the bHre-~de

membrane pressure in the reverse osmos~ process w~hout energy recovery.

The manufacturers believe that speed governors will not be necessary for
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turbines in this application. However, this point should be reviewed for specific plant

arrangements when the method of loading the turbine ~irect pump drive vs. electrical

genera[r,r) is definedand the control scheme for the plan~ tms been selected.

Dur~g shutdown of the p~, or shutdown of the turbine a~ne, the turb~e

must be slowed down gradually to avo~ genera~ng wa~r hammer whith could damage

the membranes.

4.4 Ins~llation, Foundation and Maintenance Requiremeh~

The ~aHat~n and ma~nance req~rements fur Pehon turbines vary

slightly ~om manufa~urer ~ mantffa~urer. However, general ground ties can be

e~ablished ~r mo~ unts wthout spec~l regard to their size.

4.4.1 ~stallat~n Redeemers

The inlet piping to the hydraulic turbine should have a minimum number of

elbows in order to reduce both head loss and turbulence. Preclse alignment of the inlet

nozzle and runner is necessary in order to obtain maximum efficiency and minimize the

side thrust. The installa~on of a Pe~on turbine must afiow for f~rmation of a free water

surface below the wheel.

For Francis turbines, R may be necessary under certain opera~ng conditions

to provide a positive discharge head to prevent cavitaHon. Pehon turbines can discharge

into a.concrete sump, whereas Francis turbines require the design and construc~on of a

dra~ tube.

4.4.2 Foundation Requirements

Hydraulic turbines should be solidly anchored on concrete foundations. De-

pending on size, the machines may be e~uipped with a basepl~tc or several sole plates

which should be aligned and anchored to the foundation.

4.4.3 Maintenance Req~rements

The erosive and corrosive ac~onOf the brine on the nee~e, nozzle, and runner

buckets of P~ton turNnes will dicm~ the ma~nance req~rements ~r these unRs.
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Wear can seriously affect the efficiency of these machines. ARer the inRial start-up,

monthly inspec~ons should be made. These inspec~ons should Include usual observa-

~ons of wear. ARer opera~ng experience has been acquired, R may be possible to re-

duce the frequency of the inspec~on periods to semi-annual or annual.

Dally maintenance husks include checking the oH level in the lubricaGng

system and monitoring the bearing temperature level.

Spare parts wh~h should be stocked are a replacement runner, needle,

nee~e actuator, and seals or packin~ Addigonal sp~res may be found to be necessary

aRer opera~ng experience proAdes data on the croton characteris~cs of the materials

used with the concentrated brine. The seals on the shaR driving the generator or pump

should be checked for excessive leakage.

4.5 Ma~al Selec~on

The saR concentra~on which the turbines w~l encounter in both brackish

water and sea water service was given to the manufacturers in the ques~onnaire. PeRon

turbines are not often used with saline water at presen~ Therefore, material re~uire-

men~s have not been well defined for these machines. The high veloc~y of impingement

of the jet upon the bucket ts likely to require the use of high ~uality stainless s~el

~. ~, 316 Stalnles~ for the needle and runner. As an alterna~ve, 13% chrome east

steel (Type 420) was also sugges~d for the runners and nozzles. The turbine casing

can be made of cast iron with a protective coating over the interior surfaces.
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Manufacturers Answer

Toshiba Machine Co., Ltd.
F~i Building
3, 4-Chome Ginza Nishi
Chao-Ku Tokyo, JAPAN

Mr. J. H Lieber
Director of Siaes
Charmflles Engineering Works Ltd.
109, rue de Lyon
Geneva, Switzerland

Mr. Andre Puyo
Directeur Di~on Ener~e
Es~blissements NEYRPIC
Avenue de Beauvert
Grenoble, FRANCE

Cos~u~o~ Mecoaniche
RNa - Caizoni S.p.A.
Via ~endhal, 34
Mihn, ITALY

Franco-Tosi
San Giorgio S. A. L
Corso ~aHa, 27
Legnano, Mien, ITALY

J. M. ~i~, O.m.b.H.,
~im (Brenz)

Mr. O. V. Arata
Manager, Utility Sales
Baldwin-Lima-Hamilton
~dus~l Eq~pme~ DN~n
Philadelphia, Pa. 19142

Mr. H. A. Mayo, Jr.
F~ld Sales Manager
AH~-Ch~mers
York Plant, Hydra~ Products

D~n
York, Penns~van~ 17405

Mr. J. Sawyer
General Turbine Corporation

Table 4.2.1

~rmaGon not ~.

No i~orm~.

No Infomatim.

No i~orm~.

No i~orm~n

Information provided.

No ~rm~n.

List of Hydraulic Turbine M~nufacturers
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Escher Wyss G. m, b, H,
Ravensburg, WEST GERMANY

Mr. & Robe~ Groff
President and General Manager
James Leffel & Co.
Sp~ngfi~d, Ohio

I~mation ~o~d

~rmaGon prodded.

Table 4.2.1 List of Hydraulic Turbine Manufacturers (Con~nue~
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Manu~c~rer T~e No. Jets Effi Speed
(rpm)

James Leffel & Co. Pelton 1 65% 3600
1800
1200
900

All~- Chimers Pe~on 1 87 - ~9% 360O

Voi~ GMBH Pelton 1 85 - 87% 3600
1800

2 86 - 87% 3600
1800

Francis 85% 3600
1800

Escher-Wyss OMBH Pe~on 1 8O - 88~ 3600
83- 85~ 1800

2 86% 3600

4 87.5% 3600

Table 4 Y. 2 Hydra~ic Turbines Offered by the M.mufacturers
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Set,on 5

SELECTION OF DRIVING SYSTEMS AND GEARS

5.1

present study of reverse osmosis desalination plants.

Avai~Ne Power Supples

Three forms of power sup~y have been selected as ~rnafives for the

These are:

steam

diesel fuel

In Section 2.3 of this report, background informa~on was provided on electric motors,

steam turbines, and d~sel engines for use in pumping systems. ARer preliminary

selec~ons of sui~ble types of drivers were made as discussed in that section, the ap-

propriate manu~eturers were contacted for addi~onal informa~. Final selec~ons

of drivers for reverse osmosis pumps, based upon the mamffacturers’ recommenda-

tions, are discussed in the sections which follow.

Electric Motor Selec~on

A general description of the various electric motor types was given in Sec-

5.2

tion 2.3.2.

A nmnber of electric motor manufacturers were contacted for technical and

The manufacturers contacted were:cost information on squirrel-cage induc~on motors.

Westinghouse Electric Corporation

General Electric Company

All~- Chaimers Company

Peeress E~r~ Company
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Table 5.2.1, below, lists the usual vol~ge ratings of these alternating

curren~ motors.

Horsepower Range V~ge R~ng

0 200 220, 440 or 550

200 500 440, 550 or 2300

500 - 1000 440, 550 or 2300

1000 - 5000 2300

5000 & above 2300, 4000 or 4160

TaMe 5.2.1 V~tage Rating of Sq~rr~-Cage Induction Motors

Most of these motors are standard i~m~. However, for some of the large

s~es above 5,000 HP, motors are custom designed for the specific appl~afion. Their

design takes into consideration the driven equipment characteristics such as s~rfing

torque, full load horsepower, and type of duty expected.

Various types of enclosures ~. g., dripproof, explosion-proof, totally en-

closed, open, etc.} can be provided for these motors. The enclosures affect the cost

of the motor according to the kind of protection that they provide. Complete descrip-

tions of these enclosures are given in motor sales catalogs and opera~ng manuals.

~ ts desirable to start induction motors by making a direct connection

across the power line. However, in the larger ratings ~arger than 200 HP), ~ may

¯ be necessary to employ reduced-vol~ge starting ~ order to meet s~r~ng-current

restrtc~ons ff the required star~ng torque is high.

A compensator or autostarter can be used for reduced-voltage starti~.g.

Another method used to start squirrel-cage induction motors consists of resistors

which are inserted in series with the stator and are gradually cut out as the motor

comes up to speed. ~esistor starters are less expensive than autos~rters, but in

the ease of a slow start the resisters may burn out.

97



The mr,tar can be mounted on the base-plate together with the pump, or

msmll(:d close to the pump by appropriate gearing or couplin~ The motor shaR

could be care~lly aligned with the pump shaR.

Electric motors recluire very lK~e maintenance and service. They are

~.xt~’e, mcly relia~e machines. Motors axe protected against burnout by thermal over-

,cad relays. Dur~g operation, the only service usually required is routine checking

~[ ki~wa~ input~ speed, and bearing temperatures.

5.3 Steam Turbine Selection

The types o[ steam turbines considered pract~al for use to drive the pumps

;3 a reverse osmosis plant are the straight-through condensing or non-condensing tur-

;,ines. Specia! clmracte~stics of these machines are descried in Section 7.4.2, since

~,ese ch:tracterisfics are related to the turbine cost and steam consumption.

The manuhcturers producing steam turbines of suffi~ent capacity are:

Worth~gtoa Corporation

Westinghouse Electric Corpora~on

General Electric Company

AHis-Chalmers Company

The service requirements for steam turbines are not demanding. Once or

~vice a week, the lube oH level and pressure should be checked. The operator should

be alert to changes in sound or vibra~on chavacteris~cs which may indicate trouble in

Cne machine. S~am conditions should be checked rou~nely.

5.4 Diesel Engine Sanction

Manufacturers who suppled information on diesel engines for application

in our pumping systems were as follows:

Fairbanks-Morse Power Systems Di~sion cf Colt Industries
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Worthington Corpora~on

General Motors Company

Cumm~s En~ne Company

Detroit Dies~ Company

The overall effic~nc~s ~r the en~nes offered ranged from 28% for small en~ne sizes

up to 40% ~r the ~rgest en~ne sizes.

D~sel en~ne speed is generv.iff r~a~d ~ me delivered power. A listing

of s~ndard values of power ~v~ versus speed for commerc~Hy avai~e d~sel en~nes

is prodded in Table 5.4.1.

~1
Horsepower Range Shaft ~eed

Available ~p~

100 - 320 1800

320 - 900 1200

900 - 3000 720

3000 - 18000 400

Table 5.4.1 T~ical D~sel Engine Speed Vs. Power Characteris~cs

Long ser~ce H~ can be expec~d from d~s~ en~nes. Ma~nance req~re-

merits are m~or, ~though ~s~n ~ngs may have to be refaced after about 8000 hours of

operat~n.

These engines are generally equipped w~h a pressure lubrication system which

supplies a con~nuous flow of oH to all surfaces requiring ]ubi:ica~on and also to the pistons

for ooolin~ Thus lube off system must be checked and the off supply in the header must be

kept at the proper level.
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5.5 Gears

Gears are requ~ed in some of ~e proposed pump~g sy~em arrangemen~

~ transmt power with a concomitant change in sha~ speed. Tables 5.5.1 and 5.5, 2

show the range of combinat~ns of speed, power, and speed ra~o which are requ~ed

~r ~e pum~ng sy~ems cons~ered in this s~dy.

Information on pricing and availability of the gears shown in these tables

was requested and obtained from the following manufacturers:

Falk Corporation

Western Gear Corpora~on

For most of the gears in the tables, the power transm~sion efficiencies exceed 95%.

Gear
Horsepower (HP} Input Speed (rpm) Speed Ratio

20 Io 20,000 400 2:1 to 10:1

20 to 20,000 1200 2:1 to 10~1

20 to 20,000 3600 2:1 to 10:1

Tab[e 5.5.1 Speed Reducing Gears Considered for Use
in the Reverse Osmosis Plants of This Study

Gear
Horsepower (HP) Input Speed Speed Ratio

100 to 10,000 4OO 3:1 -to 9:1

100 to 10o000 1200 3:1 to 6:1

100 to 10,000 3 00 3:1 to 5:1

Table 5.5.2 Speed Increasing Gears Considered for Use
in the Reverse Osmosis Plants of This Study



SecHon 6

TOTAL SYSTEM CONFIGURATION

6.1 General Plant Layout

The prece~ng secGons ~scussed the sdec~on of the equ~ment needed ~r

pump~g ~ed-water and recover~g energy from the r~ected brae in reverse osmo~s

des~aGon ~ants. In,is SecGon 6, alternaHve combin~ions of ~e drNers, pumps,

and energy recovery schemes will be desc~bed.

A general plant layout (Figure 6.1.1) shows most of the components that

are of major importance in a reverse osmosis desalination plant.

6.1.1 Ma~Mng ~ Var~us Compone~s

Two m~or systems can be independently defined and then matched:

A "d~v~g sy~em" which is composed cf ~e dr~er, its power

sup~ ~eir assoc~d co~r~s, and ~e gear or cou~g ~ ~e

pump.

¯ A "water system" which includes the pump, the membrsne ar-

rays and the energy recovery system.

Figure 6.1.2 describes ~e mashing prob~m in s~mmadc ~sNon. Tbe

dr~g sys~m has its own effi~ency and provides an ou~ut sha~ speed and h~rse-

power level. The output from ~e d~v~g sys~m mu~ ma~h the input required by

the pump. The Mput horsepower and speed for ~e pump depcnds upon the ~edwa~r

flow rate and pressure level requ~emen~ and the pressure ~sses encou~ered in ~e

Afferent ~p~g sections shown ~ F~ure 6.1.1.

6.1.2 A~ema~ E~r~ R~o~ ~s~ms

The brine r~ected at high pressure ~om G~e membrane c~anneis can be

suppled to a Pehon turbine. The turbine discharges the brine at atmosphe~c pres~

sure ~to a sump and develops shaft power which can be used in eider ~f ,w., w~Ss:
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- To sup~y part of the shaft power to ~e pump ~ough

direct gearing

- To drive an e~r~ genera~r which produces elec-

trical power avafia~e for sale or use ~ the ~ant.

These alternatice energy recovery sys~ms, when mashed to ~e pump and

its driver, as dcsc~bed in ~e next section, constitute the va~ous pumping sy~em ar-

rangemen~ ~at ha e been investigated [n this program.

8.2 Disoussion or" ~r~us Arr~mgement~

Four t~cs of dr~ers have been s~ec~d:

- squ~r¢~l-cage indt~c~oa moor

- non-condens~g steam ~rb~e

- condensing steam turbine

- d~el en~ne

~:,- com~ag the ~ur types cf d~vers wi~ ~e two different energy recovery sys~ms,

eight p~Ode plant ~rrangements can be devised. These plant arrangements are shown

on Figure 6.2.1. This figure shows schemat~aHy ~e e~ght ~fferent d~ng and energy

recovery arrangements which were an~zed for bo~ "brackish water’ plants and "se~

water" plants in ~is ~z,e~a~on.

Each of the im{i~du~ ~ant arrangemen~ can have with~ it n number of

different shaft speeds ~r the vat.us ¢ompone~s. One of the objectives of t~s study

is to d~erm~e the optimum speeds ~r the various compone~s ~ terms of eapi~l and

operating costs. Compu~r programs, desc~bed ~ Sect~n 8, were prepared ~ carry

out ~e cost analysis. The ou~ut is ]~esen~d lair in Section 8.2.2.

The eight diffe~ng ~ant arr~ngements were designated as fo~ows:

Arrangement A Uses an ~eet~c moor ~ d~ve ~e pump. A
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Arrangement B

Arrangements E
and F

A~an~m~ G
and H

hydra~ic turbine recovers the power avail-

aye in the bane ~ream anddrives a genera-

tot. The ~e~r~al power genera~d is used

~ prev~e ~art of the power Mr the moor.

This arrangement is analyzed in compu~r

Program No. 4.

Also has a motor which drives the pump. The

hydraulic turbine is coupled to the driving sha~

of the pump by means of gears, thus providing

extra power to perm~ reduction o[ the size of

the motor (Program No. D.

Employs a non-condensing steam-turbine to

drive the pump. The hydraulic turbine is cou-

pled tea generator crea~ng electrical power

for sate (Program No. ~.

~mHar to B, with ~e non-condens~g steam

~r~ ~a~ng ~e ~e~r~ moor ~gmm

No. ~

Are the respective counterparts of arrange-

ments C and D. the non-condensing steam-

turb~e berg replaced by a condensing un~

(Program No. ~.

Are the respective counterparts of Arrange-

ments E and F, where the condensing steam-

turbine has been replaced by a diesel engine.

(Program No. 5).
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Sub-componen~

N. = speed (rpm

HP. = horsepower

H = head (fee~

Q = flow rate (gpm)
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Figure 5.2.2 Netxvork ROaring me "wu~ff’ Sys~m to the "Dd~n~’ System
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Section 7

COST CORRELATIONS

7, 1 Introduction and, purpose

The previous sections have described the ~chnical aspec~ of the pumping

equipment, energy recovery equipment and other pieces of machinery that were part

of the overall study. TLe econom~ considerations for the pumping system components,

e.~, first cost and operating costs, are discussed in this section.

Cost information was gathered from manufacturers’ data and transformed

for use in computer analysis of the contributions of the pumping systems to the cost

of fresh water production.

Service and maintenance cost information was not readily available for

pumps and hydraul~ turbines from manu~cturers’ sources. Therefore, Dynatech pre-

pared estima~s for these costs as discussed in Section ~. 8. These estimates were sub-

m~ted to pump and hydraulic turbine manufacturer~; they agreed that the figures presented

were not unreasonable. These service and maintenance cost figures are presented in ~he

computer program as "opera~ng costs" and will be referred to as such.

The pr~e ~rmation ~. e., ca~l costs) presented in this se~n were es-

tima~d by the manu~urers as of May, 1968: These p~ces are accurate within 10% of

the final p~ce of the unit s~ected.

The cost of power supplied ~ the pump d~ver ~am, fuel oil, or ~ectricity),

membrane costs and installation costs, and similar desalination plant cost i~ormat~nhave

been p~ov~ed for this s~dy by the Office of Salve Wa~r.

7.2 l~ump Costs

In order to establi~ an equation or graphical curve relating pump capital cost

to a suitable parameter which describes the corresponding unit ~. g., horsepower, spe-

cific speed, flo~v, etc.), it is necessary to treat each type of pump individuaH~
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Reciprocating pumps can be of the piston type or the plunger type and can

have one or more cylinders. T ~ cost of a reciprocating pump depends upon its rating,

which is usually its maximum horsepower. The materials used for Ks construction also

i,ffiuence its co~t.

Cent~fugal pumps can have a vertical sha~ or horizontal shaft and a s~e-

suction or douMe-suction first stage. The number of ~ages and the impeller ~ameter

are impotent factors in es~blish~g thor cost. Shaft speeds and the cas~g construe-

tion may direr con~dvrably from manu~cturer ~ manu~c~rer.

A number of cost correlations trove been prev~usly es~blished ~r specific

types of pumps or types of service. In these cost corr~a~ons, an index desc~Mng the

pump (wh~h is generally re~r~d ~ ~n~e-s~ge, sin~e sucto~ is ~o~ed versus

the cost of the uMt (ReL 14 and i~. So many restrictions have been imposed on ~e units

se~ed that the corr~afing parame~rs and res~ are not usef~ for ~e present s~dy.

~s~ad, new results and corr~afing me~ods had to be developed as desc~bed ~ ~e sec-

~ons w~ch follow. :.

7.2.1 Rec~rocafing Pumps

Information received from the reciprocating pump manufacturers did not cover

a very extensive range of machine types and cost figures. Contributors to the informa~on

(Section 3.2) were:

Gardner-Denver Company

Kobe, Incorporated

The cost da~ was restricted to triplex plunger pumps. Two pump sizes were quoted by Kobe

~0 HP and 125 HP) while many sizes were quo~d by Gardner-Denver (Table 7.2. 

Figure 7.2.1 shows a graphical representation of their cost information.

The costs plowed included special materials for fluid ends, special alloys for the plung-

ers ~r ceramic plunge~ a rel~f valve, and the required V-belt drive and Ks belt guard.

Since the belt drive cost is included in the pump cost, the cost of the gear and belt were

set equal to zero in the c~uputer programs when reciprocating pumps were selected.
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Kobe

G~rdner-Denver

Pump Class

~ze 3F

Size 4J

PS-25
TA-3
TA-4
TA-S
PA-8

90%

9o~

90%
90%
90%
85%
85%

Price

$ 7,000

$13,000

$ 2,300
2, B00
4,800
9,000

16,000

Tab|e 7.2.1 Reclproca~ng Pump Prices and Efficiencles

Pump C~se E~c~ncy % P~nt No. P~ce

i-I/2 HNB-103 38.5 1, 2 $ 4,700
39,5

I-I/2UNB-II 45 3 4,500

5 UNB- 13 68, 72, 79 4,5,6 6,000

12 UZD- 1 81, 84, 83 7, 8, 9 55,000

~" 2 WTF-86 ~ased on order for (2~

46, 51 10, 11 9, i00

2 WTF-86 58 12 9,500

2 WTF-~ 47, 51 19. 20 10.200

2 WTF~8 21 i0,800

4 UNQ- I I 71 13 8,800

Tab~ 7.2.2 Wo~ngton Ce~rffugal Pump P~cos
(Rear to Table 3.2. I~
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Pump Class E~ci~ ~ Plant No.
I Price

6 ~}TL-123 78 $30,000

6 UZD-1 68 15

4 WTF-~4 72, 75, 76 14, 22, 23 21,000

6 WTF- 124 ~S, 78, 78, 78 16, 17, 18, 31,000
81 24, 25

6 WTF-~5 79, 82 26, 27 33,000

6 WTF-~7 77 29 35,700

6 WT~9 8O 3O 40,000

2-~2 WTL-~9 58 28 15,900
L.

Ta~e 7.2.2 Wo~Mn~on Cea~i~gal Pump Prices (Continue~
(Rear to Table 3.2. 

Ii0



Equa~ons representisg the triplex plunger pump cost corrclatio~m arc:

¯ 363
$ = 645 (HP) Gard~r-I)e~vcr lip ~ 60

1. 522
$ = 5.51 (HP) Gardner-Denver lIP~ 60

For plant size 105 GPD

Thee equations were not used in the compu~r prepares. It was ~und to

be simNer to enter discrete cost dab and effic~ncy data ~r r~r~at~g pumps for

Ne Na~ sizes ~r wh~h ~ese units may be used. Gardner-Denver costs were used

~r this purpose.

7.2.2 Centrifugal Pumps

The prying of centrifugal pinups selected for Ne plant sizes under s~dy

became a more com~ex problem Nan was oNNnaHy cxpe~ed, The cost da~ that

were available could not be readily transformed ~to equations re~ng dolors to an

index charac~Nstic of Ne pump.

The cost ~rma~on is ~bulated ~r each manuNc~rer in ~:b~s 7.2.2 to

7.2.6 . These ~Mes desc~be Ne type of unit, its effic~ncy ~r each plant apNicafion

~he Na~ number code is gNen h~ TaMe 2.1. i), and the to~l pmnp co~ induing the

follow~g items:

- recommended matcr~l

- pump including lubc oil supply consnle

- base-plate and couNing



Puml, CIass I No. Stage Ef~c~ncy % Plan£ No. Price

4 50, 53 1, 2 $ 5, OOO

1-1/2 V~ 6 54, 51 3, i0 6,300

i- vp 7 53, 56 ii, 12 7,000
L

1- 1/2 VP 8 50, 53, 56 19, 20, 21 8,000

4 GTR 2 71, 73, 71 4,5,6 7,000

3 CNTA 8 72 13 14,000

5 IiMTA 4 78 14 11,000
5 78 23 12,500
6 70 15 15,000

4 HMTA 7 74 22 13,000
h

3 IIMTA 9 52 28 13,000
I

6 I|MTA 5 78 24 (Lo P casin~ 13,500
7 78 29 (Hi P casin~ 18,000

8 HMTA 4 80, 79, 79 25, 26, 27 16,000

2-1/2 VHTB 17 65 28 25,000

~ GA 2 85 7, 8, 9, 16, 17, 100,000
8O 18

T~Ne 7.2.3 Ingersoll-Rand Pump Prices and Efficiencles
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Pump Class No. S~ges Elf. ~}{ Plant No. Price $

100 VLT ]2 6S, 70 1, 2
’19 68, 70 lo, 1f -

!

200 VLT 14 70 3
22 12
30 70 12

400 VLT 9 75 22

500 VLT 11 8O 4
o

SD 6x 8x i0 6 63 3

SMJ4x6x~-~2 HH 1 73 6

DVDS 8 x 8 x 12 2 74 6 ii, 000

DVDS 14 x 16 x 18 2 75, 84.5, 85 18, 25, 26 25, 00~
82.5 27

DVSS 14 x 14 x 20 2 84 7 31,000

’ DVMX 4x69C ’4 80, 78, 73, 13, 14, ’15 4,400
80 22

DVMX4x6x9D 4 79, 80 23, 24 4,400

DVMX4x 6x 10B 5 78 24 5,600

DVMX4 x 6 x ~C 7 81 29 8,405

DVlVIX 3x 4 x 9A ’57 28 8,400

Table 7.2.4 Byron-Jackson Pump Pries and Effic~nc~s
(These prices are for "~andar@’ cast ~on unR@

Pump Class No. Stages Eft. % Plant No. Price $

5972 2 70, 74, 76.5 4, 5, 6 7,000

Table 7.2.5 Fairbhnks-Morse Pump Price and Efficienc~s
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PUMP CLASS
Part

6 LB-15 6 LB- 19 6 LB-22 12LB-II 12LB-12110LA-11 10L~-I2 I 15LC-7
15 LC-II VDM-12 %~M- 14

First stage and 12. 760 8. 990 9. 090 18,195 16. 195 9, 940 9. 940
barrel

6,400 I0,695 10. 695 12, 7~0

AddRional Stages 3,600 8,680 9,975 7,550 8,305 8,880 9,625 6,240 12,450 7. 865 9,295

600 Ib Flange 65 I. 080 I, 260 160 160 800 800 325 325 130 13"

Wearing Ring 570 351 408 759 828 616 665 693 i, 052 1,008 I. 170

Dynamic Bahnc~g 180 187 205 154" 242

Sleeve 75 104 104 126 126 9O 9O

Cou~g 59 359 359 65 65 359 359 73 73 42 42

~al 326 980 980 384 384 1,228 I, 228 432 1. 225 328 328

Total Cost $ 11,275 22,145 23, 677 21,969 22,811 20,873 21,767 26,238 32, 688 19,443 21. onl

TaMe 7.2.6 Peeress Pumps Pump Co~ Ca~aHons ~ta~ss ~eel)



The material recommended for most of the selected pumps is 316 stainless steel. Be-

cause of the special material requirements for saline water application, the costs shown

are 3 to 4 ~mes higher than those f~r "standard’ fabricated pumps,

When single-unit pumps were not readily available ~. g., for high pressure

and very high flow rates), approximate single pump cost and efficiency values were as-

sumed for use in the computer analysis.

The cost assumptions must be considered as rough approxima~ons, since

the number of units to be built is an important factor in se~ing the cost of a new pump

design. ~ only one pump is developed and bui~ to match new requirements, aH of the

costs of engineering development and design, pa~erns, and simflsr s~rt-up costs must

be recovered on that unit. If a larger market is expected, the start-up costs can he

distributed over a number of units. These considera~ons are discussed in further de-

tail in Sec~on 10.

Reduc~on of the da~ from ~e manu~cturers ~d to Table 7.2.7 w~ch was

used as Se final cost ~put data for the compeer programs. A number of ~fferent

¯ parame~rs were proposed ~ an effort to correlate the pump size to its cost. Most of

the parameters used in these ~ls did not p~ove useft as correlating parame~rs.

Sbme of the param~ers cons~ered were:

- specific speed

param~er used ~ ~e ~a~c ~e cost
~relation, BHP/~

the parameter described in Reference 14 and
15 as a’~umpinde~’ : QxH 1/2

T~e com~exl~ of multN~ge ce~ri~gal ~ump deign, ~e ~fference in

impeller ~ame~rs, and vat,tons ~ e~n~es made these parameters ~adequa~

for cost correlafiom A final a~empt led to a s~e cost correlation which ’~ted the

d~hr vahe of the pump to its ~scharge head for i, 000,000 GPD ~ants. The resul~ng

corr~a~on is shown ~ Figure 7.2.2. An average effi~ency lcvel was selected ~r each

~scharge pressure and capaei~ combinat~n, and ~ prese~ed ~ Ta~e 7.2.7. It x~s
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I0 7 GPD

Average cost and effic~ucy
deduced from parallel opera,on

of units

S51 - $ ~0o, ooo

Table 7.2.7 Data Used in He Computer Programs
for Ce~gal Pump Cost Corre|a~ons
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not pos~ble to ~ke into account aH types of units recommended by [he manuhcturcrs

because of ~e diversity of the data furnished.

The equa~on describing Figure 7.2.2 is:

i. 3G
1 $ = 2.02 x (Disch. Pressure, psia)

I Discharge Pressure, ps~ ~ 800 psia

For sea water operation at 1500 psia, the pump cost for the l0 G G~) plaul

size was es~mated to be $22,000 (Tables 7.2.2 to Tahle 7.2.7)

A un~orm pun~ cost of $100,000 was selected from Tables 7.2.2 to 7.2.6

as rep~sen~ve of tim cost of pumps used in plant ~zes of 107 GPD with pump dis-

charge pressures ci 600 ps~ or less. For higher discharge pressure ~00 and 1500

psia) at the 107 GPD plant size, ’.he pump cost was es~mated with reference to the cost

of several pumps mounted in parallel which sa~sfy the plant condi~ons, or from esti-

mates provided by manufacturers ff one pump only was ~o be developed for a particular

appl~a~om The cost estimate wh~h was included in the computer program for these

pumps was $300,000.

All of the cost values and average effi~encies used in the computer prO,-

grams are shown in Table 7.2.7 for a~ pump speeds and i~,pes.

Hydra~ tuileries are not offered as standardized produ~s by ~e~ manu-

~c~rers. Th~’efore, new unRs are deigned for each ap~a~om Pricing i~orma-

fion is deA~ed ~om pr~im~ary desert work which is carAed cut ~r each new ~qu~y.

The James Leffel and Company firm provided pricing informa~on for a

number of Pelton units. Table 7.3.2 shows the desi~ conditions for these un~s: The

costs shown include the turbine and its required governor.

Table 7.3.3 shows the turbines offered by other manufacturers with the
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associated cost and effic~ncy data. The costs of governors have not been included in

the turbine costs in this ~ble. The costs shown [or European manu~cturers do not in-

clude import duties and freight costs.

The dak~ in U~ese ~voUflfies are summarized in Figure 7.3.1 which shows

the cost corrclagons for hydraulic tnd)~es. The cost curve was H~ed by an equa~on

which represents the capi~l cost of a P~ton Turbine without governors:

This equation was used in the computer programs along with a t~rbine speed selection

as ~llows:

Turbine Capac~y Q (gpm) Speed ~pm)

less than 200 3600

200 ~ Q< 150g 1800

500 > Q< 3500 1200

3500 ~ Q 900

Ta~e 7.3.1 Pe~on Turbine Speed Selection

This s~ec~on of hydrsulic turbine speed was made in order to satisfy two

conditions:

the spe~fic speed of a Pel~n turbine must be kept

between 1.0 and 5.0 for good performance.

the cost of an electrical generator increases with both

speed and power rating. Therefore, when the hydraulic

turbine is used to drive a generator, the speed should be

reduced as the power level increases.



Head Flow EFF. I R.P.M. B.H.P.
NS

! IIP "Tu~i~ GOV.

1 Head $
, i

1765 0940 85.5
!

900 2650 4.05 63 1 53,000 11,500

3340 10500 87.0 900 7740 3.11 134 73,000 12,000

1590 1730 85.0 1200 590 2.9 I 14.8 30,000 8,500

1590
i

299 85.0 1200 102 1.21 2.55 i 15.000 5,700

1250 ’ 173 85.0 1800 46 1,64 1.3 12,000 2,000

1250 29.9 85.0 3600 8 1, 76 .226 5,000 2,000

1675 29.9 85, 0 3600 10.7 i. 10 261 6,000 2,000

822 173 85.0 1800 30.5 2.26 i. 063 lO, 500 2,000

3175 In4 85.0 3600 70.9 1.27 1.206 Ii,500 2,000

777 299 85.0 1800 49.0 3.07 l. S1 13,000 2,000

732 1730 85, 0 1200 270 5.19 I0.0 26,000 5.700

1180 69, 4 85, 0 ! 1800 176 3, 45 : 5.12 20,000 5,700

ii15 1730 85, 0
I

1200 410 3.79 12.36 28,000 5,700

1675 2990 85.0 1200 1075
i 3.62

26. l 33,000 8,500

3000 1040 85.0 : 1800 670 2. l 12, 25 29,000 5,700

2835 ’ 10400 85.0 900 6320 3.48 i19, 5 70,000 9,500

Table 7.3, 2 Hydraulic Turbine and Governor Costs
For Various Head and Flow Speclflca~ons (James Leffel & Co.)
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Head
(~.)

Eft. RPM Tur~ne

A1Hs-Ch~mers 3000 104 89.7 3600

777 69.4 89.7 3600

1675 173 89.7 3600

867 2990 89.7 1200

1675 2990 89.7 1200

16. 000

16. 000

16,000

35,000

35,000

Escher-Wyss G. M, B. H.

Table 7.3.3

ii 15

1115

3175

867

867

1675

2835

1765

1180

1675

694

694

10400

173

173

2990

104

694

2990

2990

83 3600

83 1800

87.5 3600

84 3600

84 1800

86 3600

80 3600

87 3600

85 1800

88 t800

DM 42,000
~1o, 5o~

DM 50,000
~12,5o~

:)M i15,000
¯ ~28,750)

’ DM 36,000
~ 9, oo~

DM 46,000
~11,500)

DM 88,000
~22,00~

DM 60,000
~15, oo~

DM 78,000
~19,500)

DM 84,000
~21.oo~

Hydraulic Turbine Costs from Various Manufacturers
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7.4 Dr~g Systoms

7.4.1 Electric Motors

Cost data for electric motors are readily available from manufacturers’

brochures. For squirrel-cage induc~on motors in the size range considered in this

study, the chief manu~cturers offer prices which are very close to one another for

comparable motors. Listed motors have efficiencies of about 98%. The cost dam

presented below are taken from their price lists.

Squirrel-cage motors with horsepower ratings ranging from 200 HP to

20,000 HP have been considered. Da~a for three speeds: 400, 1800 and 3600 rpm,

are given. At 1800 and 3600 rpm, the cost is directly proportional to the horsepower

rating. At 400 rpm, the cost is proportional to the power below 3500 HP, and is an

exponential function of the power above 3500 HP. In Table 7.4.1 the relations be-

tween these parameters and un~ costs are shown. The total capital costs are shown

in Figure 7.4.1 for motors in the range of interest.

Ho~ow~
Range

RPM Co~ R~a~on

200 - 20,000 3600 $ = ~xHP

200 20,000 1800 $ = 10.8 x HP

200 - 3,500 400 $ = 102.3x (Hp)’809

3600 - 20,000 400 $ = 20.8 x HP

Table 7.4.1 Co~ of Squirr~ Cage Motors
(Norm~ ~arfing Torqu~ (Allls-Chalmers,Peerless Electric)

7.4.2 Steam Turbinez

Cost data ~r steam turb~es are well documented in the sa~s information

of the larger steam lurbine manufac~rers. For com~ara~e types of eq~pment, the

costs quo~d by the ~fferent manufacturers are very ~mfiar, The cost da~ shown be-

low were ~ken ~om da~ supped by the Wes~nghouse Electric Corporation.



rattng.. The most readily avaflubte turbines are those desiD~ed to operate at a speed

of 3600 rpm. Slower speed models are not easily available and require the expense

of custom designing. Higher speed models are readily available. Their costs are

very slmHar to those at 3600 rpm for all speeds below 8000 rpm. Above this speed

the cost increases with rpm.

Steam turbine prices are also affected by the steam conditions. For aH

turbines, the capiLal cost increases with increasing steam inlet temperature and pres-

sures. For non-condensing turbines, the cost increases with increasing exhaust pres-

sure. For condensing turbines, the capital cost decreases with increasing exhaust

pressure.

For the present study, the steam conditions have bees restricted to a nar-

row range of inlet and outlet condiNons considered practical for reverse osmosis plant

operation. These are summarized in Table 7.4.2.

Tu~e T~e Inlet Conditions Ou~et Cond~ions

Non-Condensing 250 psi, 500 - 700° F 0 75 psig

Condensing 100 - 250 psi, 500° F 3 - 6 in. Hg. abs

TaMe 7.4.2 ~eam Inlet and Ou~e~ Con~gons for Steam Turb~es
(Westinghouse Elec~ Corpora~o~

The costs of the two types of turbines are summarized in the form of equa-

tions in Tables 7.4.3 and 7.4.4. The condensing turbine costs include a Cost of ten

doHars per horsepower as the capital cost of the condenser unit. This number was

ob~ined by verbal communication with the Westinghouse Electric Corporation. A

plotof the total ca~tal costs for the two types of turbines is shown in Figure 7.4.2.

The steam consumption of s~am turbines is a function of both the steam

thermodym~m~ condi~ons and the turbine efficiency. The heat available for use by
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Horsepower Range
Cos£

B;~se Cosl + Variable Cost + Condenser Cost

less than 500 19,500

500 - 1,000 19,500 + ]1.4 (HP ~500) + 10x 

1,000 - 1,500 20,500 + 11.4 (HP- 50@ + 10x HP

1,500 - 2,000 21,500 + 11.4 (HP- 500) + 10x 

2,000 - 2,500 40,100 + 17.7 (HP- 200~ + 10 xHP

2,500 - 3~000 42,100 + 17.7 (HP- 20(} 9 + 10 x HP

3,000 - 3,500 62,300 + 24.1(HP- 300~ + 10xHP

3,500 - 4,000 65,300 + 24.1(HP- 3009 + 10 xHP

4,000 - i0,000 46,500 + 22.1(RP- 100~ + 10x HP

10,000 - 20,000 243,200 + 12.9 (HP- 10,00 9 + 10xHP

T~Me 7.4.3 Condensing Ream T~ Capi~| Costs
{Westinghou~ ~e~dc Co~atlo~
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Cost
Horsepower R~nge Base Cost + Va~able Cost

less than 500

500 - 1,000

1,000 - 1,500

1,500- 2,000

2,000 - 2,500

17,500

17,500 + 9.4 (HP - 500)

18,500 + 9.4 (HP-500)

19,500 + 9.4 (HP- 500)

35,100 + 16.8 (lIP- 2000)

2,500 3,000

3,000 - 3,500

3,500 - 4,000

4,000 -10,000

1~, ~:~"> {~.~0, O0 0

37,100 + 16.8 (HP-2000)

56,400 + 24.1 (HP- 3000)

59,400 + 24.1 (HP- 3000)

42,500+ 22.3 (HP- 1000)

222,650 + 11.75 (HP- 10,000)

Table 7.4.4 Non-C~de~g Steam Turb~e Capi~l Costs
(W~tin~ou~ E~c~M Corporat~
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turbines is shown in Table 7.4.5 for 500° F steam at three iMet pressure leve~.

For the condensing turbine, the outlet condition is 3 inch Hg ~bsolutc) and 115° E

For the non-condensing turbine, the steam exhausts near satura~on at 50 psia.

Heat ava~able, Btu/lb steam
Steam Inlet Pressure Condensing Non-Condensing

100 psig 308.7 39.2

150 psig 329.6 73.6

250 psig 353.7 108.3

Table 7.4.5 Heat Available from 500° F Steam

The consumption of steam during turbine operation is:

lbsteam 2544
HP - hr heat available x turbine efficiency

Turbine efficiencies vary between 60% to 90%. For 100 - 300 psig

efficiency can be calculated by this equation:

log ~fficiency) = .099 logIHP1- 1. 166

inlet steam, the

The equa~on applied, within 5 points, to bo~h condensing and non-condensing tur-

bines.

7.4.3 Diesel Engines

Diesel engines available in the standard lines of products from the major

manufacturers are similar in cap~al costs. These engines cost approximately $82

per horsepower for engines smaller than 2500 HP, and cost $93 per horsepower for

engines between 2500 and 20,000 horsepower.

Maintenance costs of diesel engines are approximately $1 per horsepower-

year. Fuel consumption is approximately 0.37 pounds of fuel per horsepower - hour.

Lubricating oil consump~on is 1 - 2 gal.per horsepower - year.

125



Diesel Engine Size (HP) Cost

HP< 2500 $ = 82x (HP)

600 ~ HP ~ 20,000 $ = 93x~

Table 7. ~. 6 D~sel En~ne Cost Correlations
(Fa~banks- Mcrs~

7.5 Electric Generators

Cost data for electrM generators were provided by the Westinghouse Corp-

ora~on and Power Equipment Company. The costs d~fer s~ghtly depending on the

ratings of the machines selected. Table 7.5.1 shows the resulting cost correlations

broken down according to generator power, speed, and voltage ratings. Figure 7.5.1

is a graphical representation of the equations derived from sales catalog data.

7.6 Gears

Gear costs have not previously been well documented in terms of their

cost versus power, input rpm, and speed ratio. When buying gears for large machinery,

the gears are generally designed and tailored to mee~ the requirements w~hin specified

tolerances. For this reason, gear costs have not previously been generalized.

Data ~r ~ ~s~ versus rpm a~ speed ratio at ~o p~er levelsfor wars

thou~ ~ be "~ of the t~e to be used in a desaHnaton ~a~ were ~ra~d es-

pecially ~r this pr~e~ by the We~ern Gear Co~at~. These data are sh~n in E~

urea 7.6.1 and 7.6.2. Based on these data, an equ~n ~r ~ar cost was developed as

~s:

Gearcost = 5.23 EH~O’903~+ 1.562R]~ .5

where:

RPM = revolutions per minute of the smaller gear
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360 rpm

8000 -- 900KV¢ $ = 140.06 (KW) "812
900 -* 200KW $ = 546.45 (KW) "612

400 rpm
8000 --* 600KW $ = 140.06 (KW) "810
600 -~ 200KW $ = 568.18 (IC~’) "590

600 rpm
8000 -- 400KW $ = 230.41(KW) "840
400 -* 125 KW $ = 440.53 (KW) "586

1800 rpm
1000 -* 600~ $ = 35.71 (KW) "986
600 -- 350KW $ = 19.76 (KW) "855

1800 rprn
30 -~ 350KW $ = 272.48 (KW) "592

900 rpm
8000 -~ 500 I~.V $ = 84.75 (KW) "841
500 -* 175KW $ = 124.38 (KW)’781

1200 rpm
8000 --5000 KW $ = 33.11 (K’W) ’ 936
5000 -- 350KW $ = 93.58 (KW) "815

Table 7.5. I Electric Generator Cost Correla~ons
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R = gear speed ra~o (speed of smaller/speed of larger)

HP = power input

Cost = initial capital cost

Gear efficiencics are generally about 98%,

7.7 Plant Costs

Typical costs for those aspects of desalinaton plant operation which are

of interest for the present investgafion were provided by the Office of Saline Water

(OSW Report No. 134}. These cos~ are:

¯ Membrane capital cost ~xclusive of the pressure vessel):

$ . 25/ft 2 (brackish or sea water}

¯ Labor cost:

$2.50/hour

Capital costs were assumed to be amortized over a period of 30 years as follows:

5.27% based on 3-1/4 % interest for 30 years

plus .25% charge for insurance

7.8 Service and Maintenance Costs

7.8.1 Pumping System

The "operaMng cosY’ for the pump is composed of two different ~ems:

1. Spare Parts - The cost of spare parts that would be needed

during 30 years of operaGon were esGmated by the manufac-

turers to be roughly 2/3 of the original capital cost of the unit.

This cost was treated as a capital cost and, as such, was

amorGzed over 30 years.
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Service Cost - The cost of ser~cing the pump was estimated

to be $ . 25/opera,rig hour based upon the following ~bor esU-

mates. In order to main~in and service the pump, which is

the key element of the pumping sys~m, it was assumed that

two men would be required 8 hours/day and 50 days/year.

This ~me allows for inspection periods, overhauling the pump

during plant shutdowns and any breakdown per~ds, and for

replacement or repa~ of defective parts.

TMs service cost esGma~ agreed with one figure provided by a mamffac-

iurer. TMs ~formaGon, however, is o~y a rough estimate. No manu~cturer could

prov~e us with actual service or m~ntenance cost da~.

The spare parts described in ~em ( D above will include a spare rotor to

minlndze the length of Mme the pump will be out of service ~ the rotaGng parts need

repairs. The d~fective parts can be replaced at the factory while the unit continues

in service using the spare rotor.

7. s. 2 priv ng S stem

The ~ervice and maintenance costs for an electric motor drive were as-

sumed to be negligible.

~er~ce and ma~nance costs ~r ~eam ~rb~es were c~c~a~d ~om

man~acturers i~ormation. The res~fing figure is $ . 10/opera,rig hour.

Ser~ce and maintenance costs for d!esel engines were based upon da~

gathered from manu~cturers. The total service and maintenance costs amount to:

$2.30/HP - year

~u~ng $1.0/HP- year ~or maintenance)



7.8.3 Membranes

The cost provided by the Office of Saline Water ~r the replacement of the

membranes was:

$ . 50/~2 during the membrane opera~ng lKefime

A one-year opera~ng lifetime may be assumed for the membranes used in

brackish water desalina~on plants. A six-month operating Hfe~me may be assumed

for membranes to be used in sea water desalination plants.

7.8.4 Ener~ Recovery Sys~ms

The operating cos~ for the energy recovery system is composed of ~vo

different items:

Spare Parts: The costs of spare parts required for the

hydraulic turbine during an operating period of 30 years

were rougMy es~mated to be 2/3 of the orig~na! capital

cost of the un[~. This cost was treated as a capital cost

and, as such, was amor~zed over 30 years.

Service and Maintenance Costs: These costs for hydrau-

l~ turbines were based on assumptions similar to those

made for pumps in Sectto~ 7.8.1. However, since the

hydraulic turbine operat~n is less c~dcal than the op-

eration of the pump to the continued production of water,

the two men were assumed to be reauired to service the

turbine only 20 days/year. This service cost amounts to:

$ . 10/opera~ng hour

7.9 Power Costs

The figures shown below were provided by the Office of Saline Water (Report

No. !34) and, for the fuel cost, by a diesel engine manufacturer:

$ . O07/k"~-hr

130



- ~eam: $ .55/106 BTU

- steam resale pace: $ .15/106 BTU

- diesel fuel:

7.10 Power Consump~on Calculations

The cost of the power required t~ drive the pump~g system is based upon

the horsepower (HP) input to the pump.

- Electric Motor Drive:

The cost of electricity was given as 0.7 ~ 1C~V-hr in the preceding

sec~on. The calculation of KW-hr/1000 gallons of fresh water out-

put is accomplished by the following equation:

1000KW-g hraHons - (EL(HMPotor Eff.i nput) x(.745~ x M.w2 .4 (hr)x 100(G)

- Steam Turb~e Drive:

The cost of ~eam was ~ven as 55~/million BTU in the preced~g

secNon. The steam ~rb~e is sized accord~y to the horsepower

input ~ the pump and the ~r~ne effi~enc~ The calc~afion of

BTU/1000 gallons of fresh water o~p~ ~at are consumed is carted

cut using the ~Howing equat£ons:

(St. Turb. Eft.) = CrIPtnpu~ "099/3.2

1000BTg UaHons = (St.(HJurbi .npu~ff.) x ~545) .w2 .4 ~x(Gpl D)00

- Diesel Engine Drive:

The diesel output horsepower must be equal to the pump input

horsepower. The cost of fuc! wss ~venas l¢/Ib in the preceding

sect~n. The diesel ~l cons~n~t~on r~tc w~ c~blished a~
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0.37 lb/hp-hr ~om manufa~urers’ information. The c~culat~n

of lb/1000 gallons of fresh water output is represen~d by the f~low-

ing equa~om

~000 gaHons
= .37x (HP~pug 
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Cost $

105

104

103 Kobe, Inc.

Gardner- Denver

HP

Figure 7.2.1 Rec~roc:~gng Pump Cost Corr~adons
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Cost

4

3

2

104

: Brackish water
106 GPD

~1 : Sea Water
~6 GPD

Figure 7.2.2 Centri~gal Pump Cost Correl~ns
Used ~ Computer Programs
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103

Cost

$

:: ~a~~a~ Tu~eTurbine + Governor t ~mes Leffel & Co.

~ : Allis-C~lmer~
~

. ~ Voith G.M.B.H. / ~
-- " ~ Escher-Wyss G. M. B.H. ~ ~

BHP

Figure 7.3.1 Hydraulic Turbine Cost Correla~ons



100,000 --

lO, 000

i, 00~

Cost
$

100

440 or
550 V

440 or
550

V

2300 V

2300
or

4000 V

(1) 3600 rpm

1800 rpm

400 rpm

Fig-ure 7.4. i Normal Starting Torque Induct~n Motor Cost Correla~ons



100,000

Cost

$

Conden~ng Steam Turbines

Non-Condensing Steam Tu~es

lO, OOO ~oo
~oooI ~o,!oo

Figure 7.4.2 Steam-Turbine Cost Correla~ons
(From Tables 7.4.3 and 7.4.4)



100,000 --

i0,000

1,000

$

10

600

900 rpm

480 & 600 V

240 V ~

360 rpm

2400 V .~

"1200 rpm

4160 V

KW

100 1000 I0,000

Figure 7.5.1 Electrical Generator Cost CorrelaHons
(From the Westinghouse Electric Corp., and Power Equipment C~. 



I0,000

G,OOC

1,00C

Cost
$ All 200 lIP

1 2 3 4 5 6 7 8 9 I0

Rn~os

~ 7.6.1 Gear C~t C~s
(F~m Wes~rn Gear ~a~o~
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Section 8

COST ANALY~S COMPUTER PROGRAMS

8.1 ~odu~n

In order to compare ~he various plant arrangements for the selected "stand-

ar~’ plants and to select optimum configurations, two computer programs have been

wr~ten. These programs are wr~ten in Fortran IV language for use on the CDC 3600

computer.

Four drivers and hvo types of power recovery systems have been considered.

Electric motors, non-condensing and condens~g s~am turbines, and diesel engines have

been in~uded in the study. The first power recovery system utilizes a hydra~ic turbine

driven by the concentrated brine leaving the membranes and is connected to the pump

through a gear reduction unit. A sketch of this arrangement is shown in Figure 8.1.1 (a).

When comparing this system with power recovery to a plant without power recovery, two

different drivers must be considered. A smaller driver is required for the pump when

power recovery is utilized.

In the second type of power recovery system, the hydraulic turbine drives

an electric generator through a gear box (Figure 8. i. l,~)).The first computer program

for this power recovery arrangement considers only electric motors as drivers. The

electrlcity generated is fed back into the motor. The motor size is unaffected by the ad-

di~on of the energy recovery system but a smaller amount of power will be required from

outside sources. This program performs a speed matching optimizatiom Six generator

speeds and three electric motor speeds are considered and the program calculates all

possible combinations and their corresponding costs.

The second program con~ins three subroutines to compute various costs

and operaGng requirements assoc~ted with the two types of steam turbine drives and

the diesel engine drive. Again, when using the first type of power recovery system

@irect gearing, two sizes of drivers are considered. With the second type of power

recovery system, the electricity produced is assumed to be sold outside the plant.



Capital costs for the various pieces of equipment have been obtained from

manufacturers’ data as discussed in Section 7. The data was rev~wed and equa~ons ex-

pressing the cost as a function of some parameter ~. g., horsepowe~ have been formu-

lated, or else costs for various size, speed, head, or capacity ranges have been es-

tablished. These costs were amortized over a thirty-year period and insurance costs

have been included.

Typical oper~g cos~ and power co~s have been esGm~ed as descried

in SecGon 7, to allow realistic evaluation of the eco:,omic advantages of power recovery

in large size gesal~aGon ptants.

Separa~ sets of programs have been written for brackish water ~put and

for sea water ~put. The m~or ~fferences between "sea w~e~’ programs and ,’brack-

ish wa~r" programs axe |he ~ant design req~rements Hs~d in detail in Sec~on 2. ].

The subprogram that describes pump costs has also been changed, reflexing the in-

creased cost and operating effi~ency of the sea wa~r units. The membrane capital

and operaGng cos~ also are changed since a s~-month operaGng Hfe was assumed for

sea-wa~r reverse ozmo~s membranes, while brackish water membranes are expec~d

to oper~e for a year. However, the same bas~ program structure was retained for

both sets of programs.

8.2 Typical Programs

8.2. I Main Pro~ams ~d S~uti~s

To illustrate the opera,on of the computer programs in greater detail, a

flow chart (Figure 8.2. D and a listing of the Fortran deck is given below. The program

shown is for plants 2, 3, and 5. ~ contains subroutines for the non-condensing and

condensing steam turbines and the diesel engines as drivers.

Two code variables have been used in the program:

PLTC = 0.0 ff the power recovery sy~em wi:il ~ectric
generator is berg considered (Figure 8.1.1 ~) 
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2) DC = driver code variable

DC =

DC =

DC =

2.0 for non-condensing steam turbines (Plant 2)

3.0 for condensing steam turbines (Plant 3)

5.0 for diesel engine driver (Plant 5)

The dummy varhb~ DC = 0.0 is ~aced at ~e end ~ ~e driver code ~C)

da~ cards to hsure a ~c~ s~p ~r ~e program.

The program requires only the driver code to be read in as da~. If addi-

tional drivers are to be studied in the future, new subrouGnes and call s~tements would

be necessary. The program can be modified to perm~ analysis for different plant speci-

fications by changing the cards in the appropriate secGon of the program.

The elec~ motor program is ~mMar except that the electric motor cost

c~culations are included as part of the ma~ program and not as a subroutine. A large

number of comment cards have been used throughout the progra~n to make the HsGng

more unders~ndab~.

8.2.2 Description of Program Outputs

The output format for the two programs (Figure 8.2.2 and Figure 8.2. 

differ in certain respects. The p!ant specifications (GPD, feed pressure, recovery

fraction, and fractional pressure los@, membrane data, and pump and hydraulic tur-

bine information are identical for both plants. The cent~/1000 gallons cost given is

the contribution of the capital cost to the total water cost. (Capital cost input data

has been described in Sections 7.2, 7.3, and 7. ~.

In the program for plants 2, 3, and 5, the driver information is given

next. (The input data has been described in Sections 7.4.2, and 7.4.3). In cases

where two Hnes of data are given, the second is for the case where a direct gear

between the pump and the power recovery system is being considered. The total cost

given includes both capital and operating costs.
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~m ou~ut dam listed below the d~er i~orm~n is ~v~ed ~ four

headings. Several c~umns are included under the last ~ree hea~ngs.

SPEED, RPM - lists the generator speeds considered

in the study.

OPERATING COSTS - lists the total operating costs in

dol~rs for the pump and the hydraulic turbine. (Sections

7.8.1 and 7.8.~.

CAPITAL COSTS - lists the capital oo~s in dolors for

~he gear sets and @e genera~m GEARS 1 gives the total

cost of all gear sets in the ~ant when power recovery is

used. GEARS 2 gives the ~1 cost in the ~ant wi@out

power recovery. The opera~ng cos~ for the gears and

genera~r were assumed to be ne~igible. ~ections 7.5

and 7. ~.

TOTAL CONTRIBUTIONS TO WATER COST lists the

total cost ~u~ng capi~l and operating cosB (where appli-

cabl~ on a cents/1000 gM~n bas~ for the pump, hydraulM

turbine, gears, at~d generator. TOT1 is the total plant cost

(in~ud~g power costs) for the plant when power recovery 

used; TOT2 is ~r ~e plant without power recovery. DELTA

is TOT2 - TOT1 and, ff positive, indicates that power recov-

ery will be profitaNe.

The power cost is listed for both plants with and plants without power recov-

ery. In the case where the power recovery systemhas a generator, the e~ctricity resale

value has been deducted from the cost of power supplied to the driver. $ecGon 7. ~.

In the case where the hydraulic turbine is directly coupled to the pump, the

generator speed, capitol cost, and contribu~on to water cost are zero. The power cost

in either case is the cost of the power supplied directly to the driver.



In the electric plant program, the informa~on listed after the hydra~ie

turbine data is broken down as follows:

SPEEDS, RPM - listg the speeds of the motets and

generators which were stud~d.

OPERATING AND CAPITAL COSTS - The first two

c~umns ~ve the oper~g costs in d~rs ~r the pump

and hydratic ~rb~e. The ne~ ~ur c~umns ~ve the

ca~tal co~s in dollars for the gear sets, the ~e~c

motor ~e~n 7.4. D and the genera~r. GEAR 1 couples

~e moor and the pump while GEAR2 coupes the hydra~

turbine and the genera~n Operating costs ~r these ~ur

items were assumed to be ne~igiNe.

CONTRIBUTIONS TO WATER COST - The first two

cMumns Hst the operating costs for the pump and the hy-

dratie turbine. To find the total contr~ufion of either

item, add this cost to the capital cost listed above. The

next two cMumns ~ve total costs ~r the motor and genera-

tor s~ce operating costs were assumed to be zero for these

machines. TOT1 is the total plant cost ~n~u~ng poweO

when power recovery is used and TOT2 is the to~l cost

without power recovery. DELTA is TOT2 - TOT1 and, ff

positive, a power recovery sys~m will be a profitaNe ad-

di~on to the plant.

In the case where the hydraulic turbine ls coupled to the pump, the genera-

tot speeds and costwiH be zero, and the motor costs will be those of a smaller motor.

In computing TOT2, the cost of a larger motor is used,

In ~e ~t whe~ the power re~ sys~m produces ~i~ty, P~gram 4,

¯ e power co~ wi~ recovery reflects the reduced amou~ of electrical power t~t must

be purcMsed outside, while in Program 1 the reduced power cost wi~ reco~ry is due to

¯ e use of a smear ~e~c m~or.
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Speed M~,tching

Many speed combirm~ons are possible for the driver, pump, power recovery

~urbine, and (when included) the electrical generator used in a given pumping system ar-

rangemen~ An iteration procedure has been included in each compu~r program to ex-

plore each of the poss~le speed combinat~ns that can be used to sa~sfy the p~nt design

requirements. When necessary, the computer ~kes into account the need for gears or

belts w~h their assoc~ted costs. All possible combina~ons are calcula~d and printed

out. The optimum combina~on, or combina~ons, can be selected by scann}ng the column

that describes the total contr~ution of the pumping system to the water coal

Tlm speeds used in th~ )rogram have been chosen as the most typical speeds

for each type of machine from the ~forma£ion obtained from the manufacturers. ~, for

cxam~e, co~slderaHon of a different pump speed appears to be warranted as a result of

future developments, fl~e new speed value can be added to the program and the computer

will analyze ~e resulting new combina~ons.

Figures 8.2.2 and S. 2.3 are typical outputs illustra~ng the speed matching in

cases 1 and 4.

8.3 P~gram Li~g

One typical program Hs~ng ts given in the next pages. This Hs~ng represents

the opfimiza~on program used for arrangements A and B as described in Section 6.2.1.

These arrangemen~ are electric motor driven sea water plants with and w~hout energy

recovery.
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POWER
IN

DRIVER

PR LOOP

GEARuNIT [

GEAR
UNIT

PUMP

FRESItwATER

MEM~NE

BRINE

~ HYDRAULIC
1 TUR~NE

POWER
IN

DRIVER __1

I I ....

ELECTNC~Y FOR SALE
IF STEAM T~I~NE OR
DIESEl, DRIVER

GEAR
UNIT

PUMP

E LECTRICEN ERATO~It’I ....
J~ GEARuNIT

FRESH
WATER

MEMBRANE

HYDRAULIC
TUR~NE

BRINE

Figure 8. 1. 1 Cenerat Power Recovery Systems for
Reverse (~mosis DesalinaHon Pla~s
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~M P~NT FLOW C~RT

DIMEN~ON SUBSC~PTED

VARIABLES

COMMON PROD (~, AMT, CINS, UCSTM, URSTM, PLTC, SD (9, 

IGE~R COST~~E ~EQ UATIONGEAR ASRATIo,FUNC TIONsPE EDOF

SET UP P~ ~E~T~:

~, ~ P~U~,
F~C~O~L ~R~

F~L P~U~ L~S

SPECIFY UNIT COSTS:

AMOR~ZA~ON RATE
~SURANCE RATE

POWER COSTS
MEMBRANE COSTS

READ, DC I

Fl~re 8.2. i Pro~am ~a~ ~ow Ch~
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SET PLTC = 0.0

DO 500 J = 1, 3
(FEED PRESSURE)

DO 500 K = i, 3
(RECOVERY FACTO~

~I DO 500 I : I, 3
~ [ (PLANT CAPA~T~

CALCULATE PLANT PERFORMANCE ~FORNIA~ON:

REQUIRED FEED RATE, PUMP HORSEPOWER, PUMP HEAD
BRINE FLOW, BRINE PRESSURE, HYDRAU~C TURBINE HORSEPOWER

MEMBRANE AREA, MEMBRANE C06TS

-2

-I

--6

--5

--4

3

I, CALCULATEEFnC~Nc~PUMP SPEED,~/K GALLoNsCA~TAL COS~ []

CALCULATE H~U~CEF~C~Nc~TURBINE~/K GALLONsSPEED, CA~TAL C~T,

Figure 8.2.1 Pro~am ~ant ~ow C~ ~o~inue~
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5--

4--

3-

2-

1’

IF DC = 2.0 GO TO NO~CONDENS~G
STEAM TURBINE SUBROUTINE

IFDC = 5.0 GOTODIESEL
ENGINE SUBROUTINE

NO,

DO 500 IG = 1,6

GENE~TOR SPEED

CALCU~TE GENE~TOR

CA~TAL COS~ ¢/K GAL

YES

SET GENEraTOR

C~TS = 0.0

--7

-4

3

2

1

YES

Figure 8.2.1

I

CALCU~TE DR~E~PUMP

GEAR COSTS

~ NO

Pro~am ~a~ ~ow Chart ~ontinue~
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4-

3

2

1

-7

-6

--5

--3

~2

’
CALCUI~TEpuMP GEAR~D~U~CcosTs TUR~NE-

SUM GEAR
C~TS

~S

SUBT~CT VALUE OF

ELECTRICITY PRODUCED

FROM PO~R COSTS

SUM GEAR
COSTS

NO

CON~NUE

COMPUTE P~NT FI~T C~ ~TH AND

~THOUT POW~ ~COVERY

(~CLUD~G AMOR~ZA~ON AND I~U~NCE)

COMPUTE TOTAL OPEniNG COSTS

~TH AND ~THOUT POWER RECOVERY

Fl~re 8.2.1 Pro~am Na~ ~ow Chart ~on~nue~
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3

IF PLTC =

IFPLTC = 1.0

PR~T POWER COS~

500 CONTINUE

PLTC = PLTC + 1.0 I

NO YES

READ, DC

NO

EXIT

Figure 8.2.1 Proem ~ant Flow Chart ~o~nu~
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NEM~RANE THRUPUT,GRU/FT2= ~0 cAPITAL cOST=$ ~250 CENT/IO00 GAL= 7,1

PUHP DATA
UEAD~FT FLO~ HATE,GPH SPEED.~PH EFFICIENsY HORSEPUW~R CAPITAL COST,¢

44.2 2~00
C~NT/10~0 ~a~

0°4

WYDHAULIC TUg,IN= DATa
MEADeFT F~O~ RATE~G~ S~E~D,~PH EFFICIE%~ v HgRSEPJ~ CAPITAL COST;~

~766.3 17~4 3503 O.~b 6.~ 4976
C~NT/lb~O ~A.

0,~

400 360 66667 ~9237 O 163 2d56 1282 6.3 2,0

~80~ 360 66667 2~237 0 163 ~0 12~2 6,3 2.~
360~ 360 66667 29~37 O 163 bB7 1282 6.3 2,9

400 40~ 06667 ~92~7 0 147 2~6 1293 6.3 2.9
~BO~ 400 66667 2~?~7 O 147 ~30 1293 6.3 ~,9
3600 400 66667 R~237 0 147 687 1293 6.3 ~,9

40~ bOO 66667 29~7 0 101 2~86 997 6,3 2,9

1800 bOO 66607 2~2~7 0 101 ~30 997 6,3 2.9
~60~ 6OQ 66667 29~37 O 101 o87 q97 6,3 ~,9

400 900 66667 2~237 0 71 2~86 369 6.3 ~,9

180~ 900 66667 29237 0 71 ~30 ~69 6.3 2,9

3600 900 66667 2~237 0 7! o81 369 6,3 2,9

40n ~200 66667 29~37 0 56 2386 29~ 6,3 2,9

1800 1200 66667 29237 O ~6 ~30 290 6.3 ?.9

3600 1900 66667 2~237 0 56 087 290 6.3 ?,9

400 1800 66667 2~37 0 43 23~6 6~2 ~.3 2,9
1800 1600 66667 29~37 0 43 030 622 6,3 2,9

3600 1800 66667 2~37 0 40 687 622 6.3 2,0

H~T~ ~’, TsT1 TST2 ~E~TA
~,¢ ".? 23.5 20.4 o3,1
q*1 ~.? 23,2 20.1 -~,t
q,1 q,2 23,2 20,1 °3,1
n,4 ~.? 23.5 20.4 "3,1
n,J ~.2 23.2 20.1 -3,1
n,~ ~.2 23.2 20.~ o3,1
n,~ 0,2 23,5 20,4 °3,1
~,I a,2 23,2 20,1 o3,1
~,~ ~,2 23.2 20.t -3,t
n,~ ~.| 23,4 20,4 "3,0
~,1 ~.1 23,$ 20,1 -3.0
n,1 ~.1 23,1 20,! -3,0
n,4 ~.D 23,3 20,4 -3,0
~,! 1,0 2],1 20.1 ° ~,0
n,1 ~.q 23,1 2P,1 -3,~
-,4 ~*1 23,4 2~,4 -3,0

P0MbR (CENT/100U GAL) 4|TH RECO¢= 5.4 alTH0~T RbCOV= b.1

Figure 8.2.2 Program 4 Output - Electric Motor Driven
Brackish Water Plant



NEHBRANE THNuPuT,GPU/FT2= 15 CA~|TAL c36T=$ 16bb7 EE~T/IOO0 GAL= 9=5

PU~P DATA

HEAD,FT ~LO* ~AT~#GPH S=E~3,~PH EFF|C|ENC Y HORSEPOWER CAP|TAL C05¥#$

1316.3 ~6~,9 3~0~ 0.71 667.4 12~24 0,2

MEAD= FT VLO~ ~ATE.GPd S:~, ~P~ EvFICIE~Cx HOHSEP~WE~
1~1~,3 094=4 1~00 O,d~ 201,4 20375

SPEEDSe RP~ .t UPE~A] |N; AND CAPITAL cOSTSeOOL~ANS
PJHP TJ~H qE~NZ GEAr2 ~IoR

~RO0 -O 72863 39~03 2930 a65 5~92
3600 -0 12883 3~503 b ~65 7249

GFN ;~qP TURB H3T~ 3E~ T3Tt T3T9 DELT~

0 0.7 0.4 ~,~ 0,0 17~8 ~0,1 2,3

0 0.7 Oe4 n,l O,fl 17~5 ~9,8 2,3

~ 0.7 0,4 n,t ~.~ 17,5 19,9 ~.3

POMER (CENT/IOOU ~L) AITH RECOV= 6,5 aITNOUT REcOV= 9,3

Figure 8.2.3 Program 1 Output - Electric Motor Driven
Brackish Water Plant, No Electric Generator



SecHon 9

RESULTS OF THE COMPUTER CALCULATIONS

9.1 ~on~ns ~ Fre~ Wa~r Cost

The results obt~ned from the computer analyses are presen~d in this

sec~on. A ser~s of curves have been prepared ~ show Me contribu~on to the total

cost of fresh water incurred by the acq~on, opera,on, and servi~ng of the pump-

ing sys~m equ~ment.

The particular costs that have been included in this study and which are

represented as the "contribution to water cos~’ on these curves were described in

Sec~on 7. A complete list of aH the separate cost items follows:

driver
capita~

cost

elec~ motor price

non-condens~g a~am turbine price

condensing s~am turb~e pr~e

diesel eng~e prMe

geaLbetween pump and driveLpr~e

pump p~ce

pump ser~ce and ma~nance costs

hydra~ ~rbine price

hydraulic turbine ser~ce and ma~nance costs

price of gear beSveen hydra~M turbine and pump, or
price of gear behveen hydra~ turbine and genera~r

~ect~c genera~ p~ce

membrane ~iMal cost

membrane re~acement and service cost

power costs ~r the d~ver

A legend is provided before each set of curves explaining the symbols

used. The shaded areas on the plots represent pumping systems that inctude an eu-

ergy recovery system. The amount of energy recovered by the hydra~ic turbine is

influenced by the pressure drop in the brine as ~ flows from the pump through the
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membrane array to Me turb~e, in fl~is investiga~on, pressure drop values of 0%,

5~, 10%, and 15% of the pump discharge pressure level were each used by the comput-

er during the cost calcula~ons for a~ernativo pumping systems. Therefore, the upper

~igher cos~ boundary of the shaded area represents 15% pressure drop in the mem-

brane array, while the lower @ower cos~ boundary represents 0% pressure drop. The

curves for 5% and 10% pressure drops fall within the shaded area.

When energy recovery is not included in the system, the total contribu~on

of ~he pumping system to the water cos~ is represented by a single line rather than a

band.

One set of figures (F[g~,~’¢,s 9.1.31 to 9.1.4~ shows the individual contributions

of the capital costs, operating costs, and driver power costs for the various plant ar-

rangements. E~ch of these costs are separately represented by a line which is appro-

pr~tely labeled @. g.. turbine opera~ng, pump capital). Each cost is referenced to

tim baseline of the figure. This permits a direct comparison of the importance of each

component of the "total contribution to the water cosY’.

9.2 Resu~s of O~im~a~on C~afions

An analysis of the figures given in the previous secdon shows that, for the

105 GPD plant size, the addition of an energy recovery turbine is not economically

justificd. Furthermore, the type of driver used (motor, steam turbine, or diesel engin~

has an insignificant effect on the fresh water cost.

For the 106 GPD and 107 GPD plant sizes, the selection of the type of driver

becomes impor~nt and energy, recovery becomes economically justifiable. The plots

show tlmt the power co~ for the 107 GPD plant size are ten ~mes larger than the total

capital cost of all the pumping system components, and seven ~mes larger than the

"operating’ costs ~ervice and maintenance). Therefore, the driver efficiency and the

cost of the energy supply (electricity, steam, or fuel oi~ become very important factors

in ~e economy o; the larger plants. On the case of the 105 GPD plant, the power costs

wer~ only 2 times ~rgcr than capital costs, and 1/5 of the "opera~n~’ costs).



For the larger plnnt sizes, the power costs [~low this pa~ern: steam tur-

bines are less expensive than diesel engines, which are much less expensive than elec-

tric motors. The quantitative values follow:

non-condensing steam turbine drive with energy recovery: lO~/k gal

¯ condensing steam turbine drive with energy recovery: ll~/k gal

diesel engine drtve with energy recovery: 14~/k gal

electric motor drive w~h e~mrgy recovery:

The sa~ngs achieved by ~e energy recovery~rb~e for the 106 GPD to

107 GPD plant size can be conveniently expressed as a perce~age of ~e total cost con-

tribu~on of the pumping sys~m w~hout energy recovery. This percentage was ~fluenced

by the type of dr~er used and the energy recovery arrangement hut was not influenced by

the membrane pressure level, recovery favor, b~ne-s~e pressure drop, or feedwater

flow ra~. The sa~ngs percentages were as follows:

~ec~ m~

d~s~ en~ne

s~am ~r~ne

~v~ in % d ~tal ~st ~rth~n ~$~t
.~ ~

20%

The savings values above are for an energy recovery sys~m in wMch the hydra~ic tur-

bine drNes an elec~al genera~r. ~ the turbine is used to drive the pump d~ec~[y or

through a gear, the savings are increased by about i to 2% of the to~l cost for plants

d~ivering 106 GPD of fresh w~e~ and by about L/2 ~ for ~ants d~Nering 107 GPD.

9.2.2 .Influence o_f Pressure Level and Recovery Factor

Three parameters taken together can be used to represent each "standard’

plant; these are the fresh water recovery factor, the membrane pressure level, and the

fresh water producfiom rate. Table 9.2. l, ~kcn iron, vigures 9. ~. 1 to 9. t. 18, shows

the limith~g values of these par~,me~r~ ~ wb~d~ e~,~r~ velvety bec¢~.~ ,.~r,.mo~;d~.d



for electric motor driven systcms. (For the diesel engine and steam turbine driven

systems, energy recovery is economical for A1 of the 106 and 107 GPD plants con-

sidered. )

Electric Generator HydrauliHCook_T upUrbine Direct

Recovery Fresh Water ~ccve~ Pressure
Fr~h Wa~r

Y~ctor
Pressure O~put Factor

5o% 1000 PSIA 105 GPD 50% 800 PSIA I~ GPD

70% 400 PSIA 106 GPD 7o% 400 PSIA 106 GPD

600 PSIA 106 GPD so% 400 PSIA 106 GPD

SO~ 400 PSIA 107 GPD so% 400 PSIA I~ GPD

Table 9.2. i Combina~ons of Recovery Factor, System Pressure
and Fresh Water Ou~ut at Which Energy Recovery Becomes Economical

The conclusions for electric motor driven systems are as follows:

At a recovery factor of 50%, enough rejected brine leaves the

membrane array to make energy recovery economically sound

at all of the system pressures cons~ered for plant sizes of 106

and 107 GPD. For the 105 GPD plant size, energy recovery is

not economMal ff the system pressure is less than 1000 psi.

At a reco~ry ~or ~ 70%, a smear amou~ ~ r~e~ed b~ne

is available to the energy recovery sys~m. Energy recovery

is not ecoromic~ ~r ~5 GPD ~a~s b~ is econom~al ~r ~1

of the 106 and 1~ GPD ~a~s cons~ered.

At a recovery factor of 80%, energy recovery is not economM~

for 105 GPD ~a~s, ard is ecorom~al ~r aH of the 107 GPD

~an~ considered. For 106 GPD ~ant size, the energy recovery

is economMal oty for pressures of 600 psi or grea~ when an

electric genera~r is included in the energy recovery sys~m.
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Energy recovery is always economically jus~fied for

the 1500 psi sea water desalination plants with flow

rates of 105 GPD or greater.
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Figure
No.

Without ~nergy ~eeovcry
~ 9. i. 1

WiW Ihith D!reeE tlectNi. TG .encrat°H rook_up
I 9.t~ 18

Type of Dl~ver

Figure
Electric Motor No.

9. I. 19

Diesel Engine

to

Condensing Stenm Turbine

9.1.30
Non-Condensing Steam Turbine

From Figure 9.1.31 to Figure 9.1.46. all
symbols are explained.

E"I)Innafion of SymHols Used in the Varlotm Figures
Describing the Coi~tribuUons to ’Fotal Water Cost for Brackish

W.,ter DesalinnUon Plants.
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3O

800 psi

-" 50~,. Rcc’dvez3’ Fae~or

400 psi

1C !

Fresh ~i£ee O~p~, GPD

Figure 9.1, ! Contribution to Tot~fl W~er Cost - Electric ~lotor
Driven PLant wi~ Eleet~’ie Gc-~er:~bu"



\\

Fresh Water Output, GPD

Figure 9.1.2 Contribution to Total Water Cost - Electric Motor
D~ven Plant wilh Dir~t ll3~Irn~ic Ttll’l)ille Hook-up
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0-

20

70% Rocovery l~tor

Fresh Water Curling. C.;I:I)

Figt, re 9. 1.3 Contribution to Total Water Cost -
Driven Plant with Electric Gencra~w

Electric Motor



7~ Rccovbry Factor

800 1

400 psi

600 psi ~

Frc~ Wa~r Omp~, GPD

Figure 9. 1.4 Con~n to T~al Wa~r Cost - Ele~c M~or
Driven Plant with Direct llydra~ Turbine t~ok-up
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800 psi

106

Fresh Water Output, GPD

600 psi

Figure 9.1.5 Co~ltrihutioa to Total Water Cost - Elcctr~ Motor
Driven PIant with Electric Generator



SO0 psi~

80% Rccogcl 5, Factor

.iO0 ps~

600 psia

Fresh \Vater Oatp~, GPD

I:igxlre 9. i.I; Col~t~huHon to ’l’¢~t:ll Water Cost - Electric Motor
D~ven l~t with Direct Ilydr:~ullc Turbiac Ilook-up



15-

50~ ’ ~ecavery F~mtor ]

400 600 809

Discharge Pressure. psia

Figure 9. 1.7 Contribution to Totul \V~,ter Cost - Electric Motor
Drh, cn Plant with Electric Generator
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50~ ReCovery Fac~r 1

-lo0 60O

Discharge Pressure. psia

Vigurc 9.1.s Cnntribugon to Total XVater Cost - Electric Motor
D~ven Plant with Direct llydraulic Turbine Hook-up

174



2O

15

Dis~mrge Pressul~. psi~

Figure 9.1.9 Con~utioa to Total Wa~r Cost -
DrWea P~nt w~h EMc~ic Get,orator

17"

~o~r~ Motor



[~ 70U Rceovery Factor ..... A

Discharge Puessuro. psla

Figure 9.1.10 Contribution to Total Water Cost - Electric Motor
Driven Plant with Direct Hydraulic Turbine Hook-up



25-

20-

15-

~ 106 GPD

10~ GPD

400 600 8O0

Diseharg~ Pressure. psin

Figure 9.1.11 ~n~tion ~ To~l Water Cost - Electric MoOr
Driven Plant w~ Elec~c Generator
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\

i~ GPD

Discharge Pressure. psia



25"

50 60 70 ~0

Rccovel\v F:~otor. 

Cont~huUon to To~l W~ter Cost -
Driven Plnnt with Electro (~ncm~tor

179

~e~c Motor





Io 0 GPl)

,100 psi

800 Imi

50 60 70 80

Rccovcl%. FaVor, %

Figure 9. l. 15 Contribution to Total W~lter Cost -

Driven Plm~t wfih Electric Generator
Electric Motor
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400 psi

~~~~-- " " " \ 00 psi

51~ 61o 71o io
~

ReeoveLv Facet, ~;5’

Fi~o 9. 1. 16 Contribtltion to ToN1 Water Cost - Electric Motor
DHvcn Plant with Direct Ilydraulic "Ft~Mne llook-up



107 GPD

~ 600 psi

~ ~800 psi

RecoveW Fn~or, %

Figure 9.1.17 Coetrlbution to To~l Water Cost - Electric Motor
DrDen Plant wRh Electric Generator
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15

400 psi

’~

600 ps~

~~
~~00 psi

50 60 70 80

Figure 9. 1. 18 ContribuHnn to Total W-tot Cost - Electric Motor
Driven Plant with Direct Hydraulic Turbine Hook-up
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25

10.

107 GPD

4O0 600 800

Dischargu Pressuce, psis

Figure 9.1.19 Co~b~n ~ Total Water Cost Ex~u~ve
of Powe~ Costs for Various Drivers
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15

I0

107 (;PD

I0 a GPD

40O GO0 800

Discharge Pressure, psia

Figure 9. 1,20 Contribution to Total %~tcr Cost Exclusive
of Pm~r Costs for Va~ous DHvers
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25

20"

10

107 GP]

400 600 800

Discharge Pressure, psia

Figure 9. i. 21 Contrilmtion to Total Water Cost Ex~u~ve
of Power Costs for Various Drivers

187



50@ Recovery Factor

Curve Iade×: GPD

40O G00 800

Dischar~e Pressure, psla

F!gurc 9. i.22 Power Cost Contribution to To~l Wa~r Cost
No Energy Recovery Sys~m

iB$



8

4

F
’ 5~7 Recovery Factor

Curve Index: GPD

I ’ I I
400 60O 800

105

. tO6

Discharge Pressure, psia

Figure 9.1.23 Power Cost Cont~buHon to T(~al Water Cost- Energy
Recovery System with Direct Hydraulic Hook-up
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l 50~
Recovery_ Factor ]

Curve Index: GPD

] ] t,
4OO (;00 800

l)ischarge Pressurc. psia

Figure 9. I. 2-I Power Cost Contribution to Totnl Water Cost - Energy
Recovery System with Electric Generatm"
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Curve Index: GPD

10~;

If}7

107

400 riO0 SO0

Dischurge P/~ssllre, psin

Figure 9.[.25 Power CnstCtmtrihuti~m t(~Tntnl Water C~t- Nn
Energy Recovery System
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I"

O"

Curve Index: GPD

~
10°

106

~’ 5 ~

~106

~° ~~~ I0

l ~ ’ :.-

107

¯ lO0 600 SO0

Discharge Pressure, psia

Figmx. 9. l. 2(; Power Cost Contribution to T,~al Water Cost - Energy
Recovery System with Direct Hydraulic Hook-up
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12"

Curve Index: GPD

Discharge Pressure, I)sia

Figure 9. [.27 PnwcrCostContribu~on Iol’~,lal Wnter Cost- Energy
Recovery System with Electric Generator
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~0’~ Reeorery Factor ]

Curve Index: GPD

l I I
.100 Ul)O 800

I~selmr~e Pressure. psia

Figure ~L 1.2x P~wer Cost Cmltributiou IoTotal WnL{,t-
Energy Reeovel\v System



Curve Index: GPD

i ] ,i
400 HO0 800

Discharge P~ssurc, psia

Figure 9. I. 29 Power Cost Contribution to Total Water Cost - Energy

Recovery System with Direct Hydra~ic Hook=up ,
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.I-

~0’~ Recovery Fnctoz’

Curve Ingle×: GPD

-tO0 ~;00 800

I~sehnrge Pressure, psia

Vigulx,~.l.:lo Power C~t Contribution to TotaI Water Cost - Energy
Recovery System with Electro Gencratoc



105 GPD = 50~ R.F’. i

OP er.Pump .....~_._...~) Power

t.T. Oper.

H. T. C at~.~ ................................

’ump Cap,’7 ~’x- ................................ ~.~Mot, , Gem

400 600 SO0

Discharge Pressure, psia

Figure 9.1.31 Contr~u~on ~ Total W~r Co~ - ~du~
CoerCiOns ~ Capital, Opera~n~ "rod Power Cogs

Electric Motor DHvc
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105 GPD-’S0% R.F. ]

I I I

Discharge Pressure, psia

Figure 9. t.32 Cont~bution to Total Water Cost- Individual
U,mt~bu~ons of Capital, OperaHng and Power Costs

Electric Motor Drive
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I0

107 GPD.- 50~ R. F.

400 600 800

Discharge Pressure, ps~

Figure 9.1.33 Contribution to Total Water Cost- Individual
Contributions of Cap~al, Opera~ng and Power Costs

Electric Motor Drive
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2O

It

107 GPD~ $Oq R.F. I

~ Membrane

, Power

PumpCa~+Op,

......... ~ ....... ~~

.100 600 800

~s~ar~ ~essurc, psiu

Figure 9. [.34 Contribution to Total Water Cost- [ndividuaI
C,mtributions of Capital, Operating and Power Costs

Elcctric Motor Drive
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i} Total

400 600 800

Discharge Pressure, psia

Figure 9. I. 35 Contr~ufion to ~et~ Water Cost - Individua}
Contr~u~ons of Ca~l, Opcra~ng and Power Costs

Diesel En~ne Drive
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1; 5 GPI)= 80%" ’ R.F.

Total

Pump ~).

Discharge Pressure. psia

Figure 9. l.36 Contribution to Total Water Cost- IndMdual
Contributions of Capital. Operating and Power Costs

DIPsel Engine Drive
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F

107 GPD ~ 50~ R. F.

H.T. Cap. + Op.

I
] Gear, Gem

] .’-

400 GO0 ~00

Discharge PressUre, psia

Figure 9.1.37 Contribu~on to Total Water Co~ - l~dividual
Contt’ibutions of Capita|, Opera~ng and Power Costs

Diesel Eng~e l)rivc
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~..-----’~,~drivcr ~vith E. R.

400 G00 800

Discharge Pressure, psia

Figure 9. t.38 Contribution to Total Writer Cost- Individual
Contributions of Capi~l. Opera~ng and Power Costs

Diesel Engine Drive
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30 -

20 ̄

10-

I I0~ GPI) L 50’V R.F.

~ump Op,

:lriver.~ ...............................

H’H. T" T’ ~I

~ Gear,

1 I
400 (~00 800

, Pump Cap.

Gem

Discharge Plmssure, psia

Figvre 9.1.39 Contribution to Total Water Cost - Individual
Contribu~ons of Capital. Operating and Power Costs

Condensing Steam Turbine Drive
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10

h---[O 5 GPDU ~0% R.F.
]

~t Total

II.T. Op.

~"~ Gcar, Geno

400 600 800

D~charge Pressure, Imia

Vigure 9. t.40 Contribution toTotal Water Cost- Individual
Contribu~ons of C~pitol. OperuUng and Power Costs

Condensing Steam Turbine Drive
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107 GPD’- 50q H, F.

DHver
~ --~.~.~- " )l l~avcr

Gear, Geu,li.T. Cup.+ (~,PumpC~’

400 600 sO0

Discharge Pressure. psia

Figure 9. t.4I Contribution ~T~alWater Cost- Indi~dual
Cont~bufions of CaNal, Operating and Pow~’ C.s~

Condcns~g Steam TuH~ne Drive
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3O

107 GP~- 80%R.F. I

~ ~! Total

~, embrane

Power

400 GO0 800

Discharge Pressure, psia

Figulx, 9. t. 4~ C,~lltribuflon to Total Water Cost - Individual
Contr~utions or Capital, Operadag and Power Costs

Condensing Steam Turbine DNvc
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I 105 GPDi 50%R.F.
I

1(

Pump Op.

Op.
,. ~ driver

-- Pump Cap.

~Gear, Gen.

400 600 800

Discharge Pressure, psia

Figure 9. L 48 Contr~)u~on to Total Water Cost- Individual
ContrD~u~ons of Capital, Operating and Power Costs

Non-Condensing Steam Turbine D~ve
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105 GPI)’- 80% R. F.

driver

--__ ____-t Vo~er

~"~ Ge~ Gen.

400 600 800

Discharge Pressure, psia

l

Figaro 9.1.44 ContribuHon to Total Water Cost - Individual
Contributions of Capital. Operating and Power Costs

Non-Condensing Steam Turbine’Drive
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¯ -- -- ~) Power

~,~Gears, Gem, Pump C~ + Op.

H.T. Cap. ,Op., driver

800

Discharge Pressure, psia

Figure 9.1.45 Co~r~ion ~ T~al Wn~r Cost - ~dN~u~
Contributions ~ Cn~I, Operating and Power Costs

Non-Condens~g ~eam Turb~e D~ve
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__ ~-~! Power
-~ ............... ~ ................. "--2~ ’Pump Ca~,

~"’-driver, gear, gem,
PumpOp.,H.~ Ca~+O~

400 600 800

Discharge Pressure, psia

Figure 9, L 46 Con~ibu~oa to Total Water Co~ - ~dN~u~
Contributimls d Cap~al, Operating and Power Cos~

~on-Condens~g ~eam Turbine Drive
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Without Energy Recovery

With Electric Cenen~tor

With Direct It. T. lIook-up

9. I .17

and

9. 1.49

Type of Driver

Electric Motor
Figure

No.

Diesel Engine

Steam Turbine

9. I.dS

From Figure 9.1.50 to Figure 9.1.53.
all symbMs are exhaled.

Explanation of Symbols Used in Figures
Describing the ContribuHons to Total Water Cost for Sc:~ Wnter

Desulim~Hon Flints
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1500 psia ~ 40~ R. F.

Sea Water ~a~s

Fresh Water Output, GPD

Fih~)re 9.1.47 Contribution to ~otal Wnter Cost
Electric Motor Driven Plant
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5

30’

ZElectric

Motor

Non-Condensing
Steam Turbine

1500 ps~ -~- 4o~ R. V.

Sea Water Plants

Conden~ng Seam Tu~ne

I I
l05 106

Fre~ Wa~r Ou~o GPD

Fixture 9, 1.48 ContdbuHon to Total Water Cost
Ex~usive of Power Costs, for Various Drivers
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I
’ 1500psia ~ 40~ R, F. ]

Sea Water Plants

Membrane

/

~ Power

Pump Op.

M~orl Generator

1~ 106 id

Fre~ Wa~r Ou~, GPD

Fibre 9.1.50 Co~r~n ~ Total Water Cost
~di~dual ~b~ons of Ca~l, Operating and Power Costs

~e~c M~or D~ve
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5O ~

40

l0

1500 psia ~40~ R.F. ]

8~ W;~ter Plants

M¢mb~n¢

) Power

Generator - Gears

105 106 107

Fresh Wi~r Ou~. GPD

Fibre 9. 1.5 I Contribution to Total %~r Cost
~divi~al Contri~Sons of C3~ml, Operalin~ and Power Costs

~esel En~n¢ ~qve

218



i0-

10-

O"

_1500
psia ~ 40~ R. Y.

Sea Water Plants

~ Membrano

To~l

~ti~aPi!’~ Power

If. T.cap.
~’" Generator ~ Gears

105 106 107

’ ’ FreshWater Out~ot, OPD

Figure 9.1.52 Contribution to Total Water Cost
Individual Contribu~ons of Capital, Operating and Power Costs

Condensing Steam Turbine
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1500psia = 40~:I. R. F.

Sea Water Plants

Membrane

Pump (3per.

105 106 ~7

Fresh W ,ter Ou%put GPD

Figure 9.1.53 Co~r~n to To~l Wa~r Cost
Individual Cont~b~ions of Carrel, Opera~ng and Power Costs

Non-Condensing ~eam Turb~e
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SecMon 10

CONCLU~ONS AND RECOMMENDATIONS

10.1 ~actors Influencing Water Cost

The cost of the power required to drive the high-pressure pump in a reverse

osmosis desaHna~on plant is larger than any of the other costs assoc~ted with the pump-

ing system. Therefore, increased development costs and increased capital costs can be

jus~fied to obtain higher pump efficienc~s for reverse osmosis applicat~ns.

The cost of various ~rms of energy - ~eam, e~city, or d~s~ fu~

shoed be carefully eva~a~d at each p~nt si~ to select the most econom~ type of

driver. On ~e bas~ of standard energy costs prodded by ~e OSW, steam turbine

d~vers lead ~ the lowe~ pumping sy~em costs for the larger (106 GPD to 107GPD} de-

saladin ~a~s. The driver s~e~n is less cri~cal ~r 105 GPD ~a~s.

The use of gears to accept the speed of the most efficient driver and deliver

the speed required by the most efficient pump for a given pressure and flow requirement

is economically justified. The capital cost added by the gear is generally less than the

cost savings achieved by using the most efficient pump and driver combinaMon.

The cost ~gs w~ch may be o~a~ed by add~g a hydra~ic turbine to ~e

sy~em depend upon the follow~g param~ers ~ order ~ d~nd~g impor~nce~

1. fresh water production rate

2. fresh water recovery factor

3. membrane pressure level

e~ of ~e energy ~c~e~ ~s~m ~d ~e of
~gy ~ arrange~

service and maintenance costs Oisted as "operating
costs’~

221



G. good matching of the various slm~ speeds

The brae-side pressure drop in the membrane channels has very little influence on the

savings obtained by energy recovery.

10.2 Areas ~quiring Further Development

The best materials to use in high-pressure pumps and hydraulic turbines

for saline water service have not been determined with certainty. Stai~ess steel and

Ni Resist are recommended by most manufacturers, but their experlence with saline

water in high-pressure machines ~ hmied. These mater~ls and ouhers should be tested

in pumps and turbines to determine operating life characteristics and maintenance require-

ments. Both centrifugal and reciprocating pumps should be tested; the conclusions obtained

for one type are not directly applicable to the other type.

The possibiH~ of developing centrifugal pumps especially for the 105 GPD

106 GPD plant sizes should be evaluated. The centrifugal pumps which are presently

available iqve been designed for other types of service and may not have the highest effi-

ciencies attainable for desalination plant requirements. High-speed units of smaller size

may be more desirable. The manufacturers suggested that higher efficiencles can be ch-

ained by development work to improve impeller and diffuser design and to obtain fighter

clearances between stationary and rnaniag parts.

There is a need for new pump designs to meet the requirements of the 107 GPD

plants. Present pump product lines do not ex~nd up to this high-pressure, high-capacity

range of operation (Figure 3.2. D.

The reliability of the reciproca~ng pumps suitable for the 105 GPD plant size

depends upon the material selec~on, the valve design, and the seal design. Reciprocating

pump manufacturers state that these units are reliable for brackish water. However, some

desalination pilot plant tests have uncovered operating problems. Development work on

seals, packings, and valves may be desirable.

10.3 Areas Requiring Further Analy~s

A number of aspec~ of the design of pumping systems for £he reverse osmosis

process require further analys~. These aspects are as follows:
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Equ~ment Arrangement: At~ntion sho~d bc ~ven to the

po~o~ng of the pump, the hydraulic mr~ne, and He pump

d~ver wi~ re~pect ~ ~e membrane sy~ems and the feed-

water presentment sy~cm. C~reful design is dcsira~e ~o

m~m~e flow losses in connecting pipin~ ~ ~Ii~ ~ainle-

nance, and to reduce He ccet of ~c structure requ~ed to

support the components.

Use of Pumps in Parallel: Several lower-c~pacity pumps

opera,rig in parallel can be used to meet the flow require-

meats of the large size ~107 GPD or greate~ desalination

plants. This approach is a~racdve from the standpoints of

plant reliabHty and effic~ncy of opera,on during per~ds of

reduced demand. The technical aspects o[ parallel operation

~ontrots, maintenance, performance, and reliability)should

be analyzed together with the economical aspects.

Plant Control Technk.ues: The control system to be used/or

the pump driver and the power recovery turbine must be designed.

Methods to control the pump flow rate and membrane pressure

level must be devtsed. The range of How rates required for plant

opera,on during peak and minimum demand periods must be es-

tablished.

Flow control can be o~a~ed in the pum~ng sys~m by by-pasMngflow from

the pump ~scharge back to the pump iMet, by raring the number of noz~es and nozzle

area in the hydraul~ turbine to al~r the sys~m re,stance, or by vary~g the pump speed

if the driv~g arrangement permRs. An an~y~s ~ requ~ed to selec~ the best one or best

com~nat~n ef these methods for cont~oll~g the pmnping syMem cutput.
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Appcnd~ A

REFERENCE LIST

~eat~g~ Pump~

1) "Com~em Pump Charac~stics and the Ef~s of ~fic Speeds

cn Hydraulic Tran~en~"

B. DonslT - ASME Paper No. ~-Hyd-3.

2) ’~m~gal Pumps"
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March 1 965.
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II,

14) "~mpli~ed Teehique ~r Estimatin~ Cent~g~ Process Pump Costs"

T. J. S~f~n, E. J. Serven - Chenfio~ En~nee~ng Vol. 69, No. 24,

November ~B, ~962.

15) "New Co~ Da~ ~r Centri~g~ Pumps"
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July 18, 1966.

"Cent~g~ Pump S~ecfio~’

E. Kel~r -ASHRAE J. Vo[. 5, No. ~, March 196~.

!7) "Centri~gal Pumps and Rota~ve Speed"

E. J. Serven- ChemicA En~nee~ng Vol. 70, No. 7, ApA[ 1, 1963.

18) ,,Water-Pressure OscHlaaons in Volute Casings of

Storage Pumps"

Y. N. Chen - Sulzer Tech. Rcv.--Resear~ No. ] 961.

"~A~ud CentA~g~ Pumps"

The En@neer, Vol. 217, No. 5649, May 1, 1964.

"How Far Can CentA~gal Pump Flow Be Tlwo~d ?"

J. R. Broce - Power Vol. 107, No. 11, November 1963.

2D

23)

24}
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"Wearing Rings and Centrifagal Pump Efficient/’

N. Aradvflentchuk- ASME Paper 62-MPE-~ May, 1962.

"New Search for CAmAa of Equipment Reliability Evalua~on"

I. J. K~rassik - ASME Paper No. 59-SA-2, June, 1959.
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W. Wes~ng - Engrs’ I~gest Vol. 18, No. 11, November 1957,
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Vol. 55, No. 7, July 8, 1958.
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34)
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"Maintenance and Repair. Maintenance of Centri~gal Pumps"

I. J. Karas~E R. Carter- Air Condi~oning, Hea~ng & Vent.

Vol. 55, No. 11, November 12, 1958.

"Check Your Centri~gal Pumps"

E. L. Brooks - Industry Power Vol. 7~No. 4, September 1957.

"Cent~gal Pump Troubles"

I. J. Karas~k, R. Carter - Air Condi~oniag, Heating & Vent.

Vol. 56, No. 2, February 3, 1959.

"We Saved $7000 by Repairing This Old Centrifugal Pump"

J. Murphy - Power Vol. 101, No. 6, June 1957.

"Preven t pump Headaches"

C. R. MeFarland- Power Vol. 10~No. 10, October 1956.

"Centrifugal Pumps--Correct Installation and Starting Give Them

Good Lease on Life"

E. Schwandt - Plant Eng. Vol. 11, No. 8, August 1957.

’~elecfive Maintenance of Hydraulic Systems"

L. S. McNicMe, Jr. - Coal Age Vol. 67, No. 11, November 1962.

"Mechanical Seals ~r Nonlubrica~ng Hydrocarbons"

A. L. Decker - ASME l>aper No. 57-PET-2, Septembe~ 1957.

Posi~ve Dis~acement Pumps

35)

36)

"Re~ati~ Pum~ ~d ~r New ~"

J. W. McConaghy - Power Vol. 107, No. 12, November 1963.

"Pum~--Ge~, Vane a~ ~sto~’

g. R. Carpen~r - Na~onal Coherence on Indus. Hydr~lics - Prec.

Vet. 16, 1962.

226



IV.

37)

38)

"New Look at Piston Pump De~"

R. L. Ruth - Nat. Conference on Indus. Hydraulics -- Proc. Vol. 16, ]962.

"Posi~ve Displacement Pumps"

F. S. Chapman & F. A. Holland, Chemical Eng2neering, Vol. 73, No. 4,

February ]4, 1966.

Metering Chemical and Special Pumps

39)

40)

41)

42)

43)

45)

46)

47)

48)

"Chem~ Feed Pumps"

M. M. Kirk- ~mm. Eng. Vol. 72, No. 5, March 1, 1965.

"Hydraflo Pump"

Wa~r & Wa~r Eng. Vol. 63, No. 758, Ap~l 1959.

’%~-Li~ Pump--Theory and Optimization"

D. J. Nic~in - Instn. Chem. Engrs.--Trans. Vol. 41, No. l, 1963.

"M~e~ng Pumps"

F. D. Ma~on - ~rume~s & Control ~v~ems Vol. 36, No. 4, Ap~l 1963.

"Kingsbury Slipper Pump...De~g~ ~r Higher l:9.’essure~’

J. M. Roth, D. L. Roth - Applied Hydraulics & Pneumatics

Vol. 13, No. 4, Ap~l 1960.

"Airhydropum~ High Fwessure Intensifier"

B. Cross~nd, R. L. Alexander - En~nee~ng Vol. 189, No. 4902,

Ap~l I, 1960.

"Pumps for Chemical Indu~ry"

Chem. Age Vol. 86, No: 2207, October 28, ]961.

"Characteris~cs and Applica~ons of Water-J~-pum~’

R. Silverer - Ho~l~ Blanche Vol. 16, No. 4, Aug.-Se~. ] 961.

"New Eq~pment and Processes in Fl~d I-landlin~’

Br~. Power Eng. Vol. 2, No. 4, March 1961.

"Hydraulic Pumps and Their Applications"

P. J. C. Lowe- Fluid Power Int., Vol. 28, No. 327, June 1963.

22~



Boiler

49)

51)

52)

53)

54)

55)

56)

57)

5S)

6O)

Feed ~Lmps. B~ler Feed Pump ’l~rbines

"~ ~pme~s in BoH~ Red ~m~"

R. A. St~b, W. ~m~n, Sulzer Te~. ~v.--~ No. 1961.

"How to Select B~ ~ Pumps ~r Modern ~M ~wer

I. J. Karassik- ~wer ~1. 106, No. 2, ~b~a~ 4, 1962.

"New Boiler ~ed ~mp ~s in U.S. ~d Euro~ ~ow Improved

R~aN~"

J. J. Jacobs - Power ~l. 109, No. 4, ApNI 196~.

"How Do You Operata Your BF Pum~"

[, J. Karassik- ~r Eng. ~1.61, No. 3, March 1957.

"~e~ Deve~pme~s o~ Central Sta~on Boiler ~w~ PumN"

W. L. W~hen - ~wer Eng. ~1. 67, No. 10, October 1963.

"BNler ~ed ~mp ~Ng~-~me As~s og T~ir ~N~ ~d

Economic~’

L. A. Hole - Sout~ A~ican Mm5. Engr. ~1. 13, No. 9, ApN1 1964.

"D~s ~cNe ~m~ of B~ler ~ed ~m~"

[. J. Karasstk- ~ec. ~ & ~r ~1. 41, No. 7, ~1~3.

’~r ~ed ~mp ~m~’

I. J. Karas~k - Power Eng. ~1. 65, No. 3, Nar~ 1961.

’~am ~wer ~t CH~

I. J. Karassik- Combug~n ~1. 30, No. 2,3,4,5, ~g. 1958.

"Seven Years’ ExpeNence ~th Nn~e ~~ ~ed Pumps

SerNng Large ~r~ UNts"

T. T. ~~g, J. & ~n~ - C~bu~ ~. 36, ~. l,

Ju~ 1964.

’~u~a~ ~rMne Drives ~r Boiler ~ed ~m~"

A. W. ~n~n - Combu~ion ~i. 35, ~. 7, ~ary I964.

’~omNn~BFP DN~ E~mic~ ~r Ng U~f’

A, W, ~nNa- ~ee. Wo~d ~1. 160, No. 19, November 4, 1963.

228



61)

62)

63)

64.

65)

66)

67).

68)

6~

70)

71)

"Turbines G~n as BF-]?ump D~ves ~r Large U~ts but Motors

S~H Ho~ Lea@’

L. M. Olms~d- Elec. Worm Vol. 149, No. 11, March 17, 1958.

"Where Do BoHer Feed-Pump T ur~nes Stand Today ?"

H. A. Mayor - E~c. World Vol. 154, No. 8, August 22, ~960.

"Tur~nes S~ge Come-Back ~r Large B-F Pump D~es"

J. F. Ransom, E. L. Pace - Power Eng. Vol. 60, No. 10,

October 1956.

"Economics of M~n-Turb~e D~ves ~r Central-Sta~ou BoHer-

Feed Pumps"

I. J. Karas~k - Power Vol. 100, No. 11, November 1956.

"Wor~’s Large~ Feed Pump is D~ven Ly M~n Tur~ne"

T. HaH- Power Vol. 100, No. 10, October 1956.

"A Comparative En~nee~ng An~y~s of Feed Pump D~ves"

F. A. l~tcMngs, Jr., M. W. La~noff- Consulting Engr. Vol. 11,

No. 6, December 1958.

"BoHer Feed Pump D~ves"

J. H. Goodel], Po Leung, ASME - Paper 64 - PWR- 7 ~r mee~ng

Se~ember 27- October 1, 1964.

"Can HydrauHc Couplings Double as Feedwater Regulators T’

I. J. Karas~k- Combu~ion Vol. 29, No. 6, December 1957.

"Prevent FlasMng in BoEer Feed Pump Leakoff ~nes"

A. R. Bush - Power Eng. Vol. 66, No. 4, Ap~l 1962.

"Large BoEer Feed Pump Prac~ce and Deign"

G. F. Ar~ess - B~t. Power Eng. Vol. 4, No. 4, March 1962.

"Recent BoHer Feed Pump Trends"

I. J. Karassik- Steam Engr. Vol. 28, No. 326, December 1958.

"Deve~nent of High Pressure Cent~g~ Pumps ~r ~on-

trolled Circula~on and Superc~cal Steam Generators"

R. E. Allen -ASME Paper No. 57-A-243, Decembe~ 1957.

229



73)

74)

75)

77)

78)

"Dc~g~ of Modern BAler Feed Pumps"

II. tl. Anderson- ~stn. Mech. Engrs.-Proc. Vol. 175, No. 12, 1961.

"Some Prob~ms Asso~atcd ~th Development of Modern Boiler

Feed Pumps"

G. W. lleslett- Instn. Engrs., Au~raHa-Journal Vol. 33, No. 10,

Oet,-Nov. 1961.

"Charting Phi~sophy in De~g~, Application and Ol~ration of High

Pressure B~ler Feed Pumps"

L J. Karassik- ~stn. Engrs. Au~ra~a-Journal Vol. 34, No. 12,

Decem]~r 1962.

"How Big a Bo~er Feed 1Atmp M~or?"

I. J. Karas~k - Power Eng. Vol. 63, No. 2, February 1959.

"V~iab~-Sl~cd Control as Applied to Water Pttm~n~’

M. H. Owen - Am. Water Works Assn.-Journ~ Vol. 50, No. 5, May 1958.

"Elect~c D~ves ~r Pumsng Pla~"

J. Lownie - ~nstn. Certificated Engrs. S, A~ica-Journ~ Vol. 32, No. 6,

June 1959.

"Matc~ng Boiler Feed Pump to Your Job"

R. A. Miller - Allis Chimers Elec. Rev. Vol. 23, No. 4, 1958.

"Drive of Feed Pumps by Condensing ~eam ~rbines"

R. Hohl -Escher Wyss News Vol. 34, No. 1, 1961.

"~cam Tur~ne Returns to Drive BF Pumps at Hunfley, Re~a~ng Motors."

R. P. Moore - Elec. World Vol. 149, No. 11, March 1958.

"Se~cting the Largest Feed t"ump D~ve."

Power - Vol. 100, No. 10, October 195~.

"Turbine-D~ven Boiler Feed Pumps Respond to Pre~se Control."

M. Gottlieb, M. ~erpoHne - Elec. Wor~ Vol. 161, No. 14, April 1964.

"~gra~on of TurNne-D~ven BFP in Large Power Plants."

~. L. Pace - ASME Paler No. 59-A-196.

230



VI. yorM~m Papers on Bmler Feed Pumps and _]~oiler Feed Pump D~ves

86)

87)

"Effi~ency S~dy ~ Types of Fe~wa~r Pump D~ve in Large Power

~a~s."

V. Ya. Ryzh~n, E. P. Volkov- Te~oenerge~ka No. ]0, Oct. 196~.

"Selee~on on Drive ~r Boiler Feed Pumps"

R. M~u~- Brenns~ff-Waerme-Kr~ Vol. 13, No. 12, Dec. 1961.

"De~rminafion of Mo~ Economical Type of Vacate-Speed D~ve ~r

B~r Feedw~er Pumps"

P. Haack-~emens Zeit. Vol. 38, No. 7, Ju~ 19~!.

"Expe~men~ ~r Correcting Effi~eney of B~ler Feed Pumps"

W. Gz~enen~ek- Brenns~lf-Waerme-Kra~ Vol. 15, No. 12,

December 1~3.

~I. ~mp ~als

"Select Best Pump Seal"

H. E. Tracy- Chemical En~nee~ng- Vol. 64, No. 4, &pAl 1957.

"~oafing Ring SeMs - Ee~gn and Application. Sperm Re.fence ~

High Pressure."

Leonard H. Senee - ASME Paper No. 63 AHGT-31

"Deve~pme~ of ~cafing Ring Type Stuffing Boxes ~r Eddy~one B~r

Feed Pumps."

A. Br~ch, R. E. A~en - ASME Paper No. 59-A-259

~H. ~aulic ~r~s. Pum~ ~ as ~aulic ~r~s

92)

94)

"Construe~on of Francis Turbines in Norway."

H. Chris~e - Te~fisk Ukeblad Vol. 111, No. 10, March 5, 1964.

"The 66,300 kw, 465 m High Head Francis Tur~ne"

T. A~ "kawa, S. ~o, TosMba Rev. No, 21,Sp~ng 1965.

’~nstaHa~on and Operating Expe~ences ~th Kemano 2500 Foot Head

Impulse Turbines ."

J, T. Ma~H, F. P. Gordon- Eng. JournM Vol. 41, No. 2, Feb. t958.

231



95)

96)

97)

98)

99)

100)

lol)

102)

103)

104)

lO5)

lo6)

307)

108)

"Characteristics of l~’ancis Turbinc~’

D. Zanobetfi - Water Power Vol. 11, No. 3, March 1959.

"Novel t~drauHc Motors in 1960"

M. Medio- Ele~rotec~ca Vol. 48, No. 4, Ap~l 1961.

"Hydraulic Turbine Development during the Last Few Years"

A. l~yo- Houille Blanche Vol. 18, No. 1, Jan.-Feb., 1963.

"Economics of [-lydrauHo-2~r~ne Selec~mf’

R. E. Passmore - ASME-Paper 63-WA-128 for meeting Nov. 17-22, 1963.

"Modern Trends in Hydraulic Turbine De~n in Europe"

G. A. Bovet- Trans. ASME, No. 75, Au~mt, 1953.

"Recent Developments in Francis "lA~rbines."

Win. J. Rheingans - Mecha~cal Engineering, Vol. 74, March, 1952.

"Nantahala 2~rbine"

J. P. Growdon, R. V. Terry, & H. H. Gnuse, Jr. - Trans. ASME,

No. 68, October, 1964.

"Hydraulic Turbine Olmrafion Dif~culties"

J. Parmakian - ~er Power Vol. 15, No. 10, October 1963.

"Hydraulic TurNne Deficien~es"

J. Parm~dan - Water Power, July 1955.

"Opera, rig Expe~eace ~th High-Pressure Francis S~ral Turbines"

G. Gysi - Escher Wyss News Vol. 32, No. 2-3 1959.

"Hydraulic installations"

P. SchmidhOny -Escher Wyss News Vol. 37, No. 1-2, ] 964.

"Selecting Hydrau~e Reaction Turbines"

R. E. Krueger - En~neering Monograph No. 20, Bureau of Reclamation,

U. S. Department of the Interior- Denver, Colorado.

"Research on High Head KaZan Tur~ne"

S. Sa~to - Tohoku Univer~ty--Inst. High Speed Mechanics--Reports

Vol. 15, 1963-1964.

"Recent Developments in Hydraulic "hu’bine Design and Application"

G. C. HochwaR - ASCE Water Resources Eng. Coherence - Preprint

141, March 8-12, 1965.

232



109) "Reduction of Fled Friction Losses in Retry Hydraulic Machines~

R. S. Spro~e, P. Ko~ler- Eng. Inst. Canada -- Trans. Paper

ETC-64-Hyd~, J~y 4, 1964.

11~ "Hydra~ Turbine~’ Three papers:

"Axial Turbines and Their Use in Modern Pr~e~’

~ P. Blum @. 1283-98).

~Tub~ar Turb~es~

G. Hermann, Y. Van Pachterbeke ~. 1299-131~.

"Possibilities of Exten~ng Usage of Hydra~ic Turb~es in Hydro-

e~c~ic Dev~opment~’

R. dela Gran$~ve, V. de Verdelhan ~. 1321-3~

Assn. des Ingenieurs Elect~ens, Sortis de UIn~itut Electrotechnique

Montefiore- Bul. Vol. 75, No. 12, December 1962.

11D ~Cent~fugal Pumps Used as Hydra~ Turb~e~~

C. P. K~t~edge- ASME Paper No. 59-Ao136

IX. Dr~ers and Gears

11~ "How to Select A.C. Motors for Economy with Capability"

C, R. Olson, E. S. McKelvy - Paper Trade Journal

~. 68 - 7D, March 11, 1968.

113) "Prime Movers in Gearing’

V. W. Wigotsky, Design News, January 19, 1968

X. T~o~s

114) Principles of Turbomachinery

D.G. Shepherd, The hrmcmillan Company, New York.

I15) Centrifugal and Axial Flow Pumps

A. J. Stepanoff John Wiley & Sons, /no, New York.

116) .Design and Performance of Centrifugal and Axial Flow ~um~ and

Compressors

Andr~ Kovats, Perga.mon Press, The Macmillan Company, New York.

233



117) Marks’ MeclmMeal En~neer~ Handbook

Theodore Baume~r MeGraw-H[H Book Company

ll~ Desal~a~on by Reverse Osmos~

U. Me~en, Massaehuset~ Ins~tute of Teolm~ogy Press

II~ E~e~Ac~ En~neering

W. H. Er~kson, N. H. Bryant, John WHey &Sons, Inc., New Yo~<

12~ Corros|on Handbook .

H. H. I%1~, Behavior of Metes and Alloys ~n Sea Water.



APPENDIX B

This appendix includes the ques~onnaires which were sent to pump manufacturers

and hydraulic turbine manufacturers.

Appendix BI

Append~ B2

Pump Questionna~e

Hydraulic Turbine Quesdonna~e



DYNATECFt ¢ORPORAT,O.
~hm~h ~¢s~’~’h j~)/ 17 TUDOR STREET, CAMBRIDGE, MASS~ 02139

,/,
~7- UN~sity 8-8050

Append~ B1

~lmp Que~nra~e

Get.men:

Dynatech Corporalio~ an independent engineering research and
developmem organizatio~ ~ carrying out an analysis of pumping equipment
for the Office of Saline Water, Un~ed States Department of the Interior.
Our purpose is to determine the preseut state-of~he-art w~h respect to
pumping systems su~able for use in reverse osmosis desaMnaGon plants.
Th~ information will help us ~0 select the opGmum pumping system
arrangement for various sizes of desalination plants. The resu~s of our
s~dy will be used by OSW in plant design wor~ preparation of economic
analyse~ and in allocating develo~r~ent funds to the pump industr~

We have already collected and analyzed standard catalog data from the
priac~al manufacturers of pumps su~able for th~s type of 6esalination pla~t.
Now we wish to review our preliminary conclusions w~h the manufacturers
and to gather suppleme~ary information. We are parGc~larly interested
in acqu~ing pr~e and operaGng cost informatim~ for a number of specific
pump requ~ements. W~h this le~er, we are requesGng your assistance
to provide the information wMch we need on your products.

We have enclosed a brief note which ouGines the objectives of our
study, presents a summary of our project plan as a background for our
requests, and then describes the specific information which we are re-
quesGng. We w~H be pleased to assfst you in any way we can to gather
this material.

Thank you very much for your assurance "~th this study.

Sincerely yours,
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Pum~ng Sy~em ~rm~n Re~e~

~ S.W. Co~ra~ N~ 14-01-0001-1462

"Evalua~on of E~mg and Unconven~onal Means

for Pum~ng and Energy Recovery in ~

Reverse Osmos~ DesaHna~on Plan~’

1. ~rWect O~ectives

We are carrying out an analysis of pumping equipment for the

O~iee of Saline Water, Un~ed States Department of the Interior. The

objectives of our study are as follows:

~) To selec~ the best types of pumping systems for use in

reverse osmosis desalination plants

~) To determine whether the pumps required are presen~y

available and, if so, from whom

~) To ident~y areas of oumping technology which may requ~e

OSW-funded development work by the pump manufacturers

in order to meet the requirements cf desalination plants

We request your assistance in providing im~ormation on your producm

which are suitable for this service. We would like to obtain both

technical, and cost information for par~cular 2umps; perhaps a summary

of our pr~ect plan will help to explain how we defined particular pump

spec~ications for your consideratiom

2. ~roject Summary

In the reverse osmosis process for water desalination, saK water

pumped to pressureff from 400 psi to 1500 psi flows past osmotic

membranes. Pure water diffuses through the membrane~ wh~e the re-

maining more-concentrated brine is r~ecte~ The operating pressure
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level requ~ed for good membrane pe~ormance is s~ by be sa~nRy of

the ~nput wa~r; brac~sh water of low saH~ ~, 000 pp~ ~ pres-

sures of 400 to 800 psi w~le sea water ~5,000 ppm) ~ 1506 psi for

econom~ desaHna~om

The desafinaGon plant sizes considered in our s~dy cover the

range from 100,000 to 10 m~on ~s per day of fresh water ou~.

The ra~o of fresh water recovered to p~ i~ flow is 40% for sea

water ~an~ and va~es ~om 50% to 80% for brac~sh w~er ~a~s. There-

fore, the pump~g sy~ems to be considered cover the range of flow rates

from 80 ~m to 19,000 ~m. The ~ re~em~ range from 800 ~

to 3500 ~. Because of the ~gh flow r~e and ~gh ~ redeemers, the

cap~ cost and ~a~g costs of the pum~ng sysmm are s~n~ca~

factors in the over~l economy of the planh

To me~ ~r o~e~e ~ s~G~ ~e ~ t~e ~ pump~g

sy~em for each set of p~ c~, we p~n to carry out an

econom~ an~ys~ of the cap~al and operaGng costs for a number of

poss~ pum~ng sy~em arrangeme~s. The arrangeme~s ~ffer

~ re~t to t~e of pump and man~r~, pump spee~ driver

~ec~ m~or, steam ~r~ne, or ~esel en~n~, ~d power re-

covery turbine ~o~p. To ~ep the e~ort required for the ~o~m~

analysis ~n ~, we ~ve defined 30 discrete plant pump re-

q~remen~ wMch cover t~ comp~ range ~ flow r~ ~d heads

for the desaHna~on ~a~s. Fibre 1 shows the 30 pla~ pump

redeemers and indicates the~ ~~ to the p~ ~

cond~tons.

We have acqu~ed gener~ c~og i~orm~n ~om ~e

principal man~a~urers of Mgh-flow, Mgh-head pumps a~ we h~e

~m~ed to ~e~y specific pumps in each m~~r’s Hne
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which can be m~ched to our 30 p~ant pump requ~eme~s. The text step in

our program~ the s~p wh~h t~s letter ~, is to review our ~ct[~

~ ~e manu~c~rers and to g~her ~m~’y inform~. ~%e wau~ ~.

obtain pr~e and ~ng cost ~rm~i~ Ior each of the 30 ~nt pump ~e-

~eme~s, and for each speed for which pumps are avaH~e to m~cL ~ ~

~anLreq~reme~. We also want to ~tain hfform~n ou pump ebarz~eNo’~t:-

m~er~ of cons~ucNo~ accessories and auxilary ~m~t, ~:~1~?~,

and m~enmme requ~emen~, and ~ ~rucNo,s.

We p~n to use the cost data ~ ~1~ ~ca] curves or eq,,~-

lions which describe ~e r~a~onsh~ of cost to the pump pe~[~mn~e

requ~eme~s. Our work on ~rMn~, electrical m~s, and ~r~s

indicates that both the initial and ~ costs of such e~ment ca~

be correlated effec~vely w~h horsepower for a gNen class of e~m~.

We e~ect that a ~mfiar type of correlation ~ll be useful for the pvm~

cost ~rm~m After these correlations are dev~op~! ~e wil} use

compeer ~ch~ques to compare costs of fl~e v~i~s types of pum~

sys~ms which can be used to meet each ~ ~mp requ~emma, fbeze

sy~ems will vary with respect to the ~How~g ~eme~s:

type of pump and man~a~urer

pump speed

t~e of driver

power recovery arrangeme~

The sy~ems wMch yield the lowest total cost, amo~ed over a 30--

year pe~o~ ~11 be selected as the up,mum pumping systems for the

30 selected plant req~reme~s.

~ ad~on to our recommend~ns on opNmum pump~g sys~m

des~ we Mso ~H ~e for OSW a report which discusses a number

of operaNng and design considerations which are perNne~ ~o pumps

~r desM~n service. These considerations include water pr~re~-

me~ req~reme~s, installation ~~, pump m~er~! s~t~u.
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/
maN~nmme req~reme~s, control sys~ms, spare parts recommenda-

tions, and typical operating proteins which may be encountered. The

i~ormaHon to be included in th~ report win be sought from the manu-

Nc~rers; supNeme~ary N~rm~n has ~ready been gathered from

the technical l~era~re.

The ~nN report of this pr~e~ will be made available to the

public by OSW. In t~s report, we will list the manu~urers who

prov~ed ~e i~orm~n upon w~ch the report is based. However,

no identification of specific man~ac~rers will be made ~ any other

point w~hin the report; alternative pumps for specific ~an~ will be

identified by le~er on~ ~. g., pump A, B, C). The cost and technical

d~a prodded by each manu~c~rer will be ~eated as con~den~al by

Dyna~ch and OSW if so reques~ Such confiden~al ~rmafion will

not be disclosed outside of these orga~z~ns.

3. Information Requested

The in~rmation which we request from you can be divided into

two classes; in~rmation on specific pumps, and general operational

~ design informafiom

3. i Specific Pumps

We would Hke to obtain performat~ce and cost information for

fimse pumps which you now manufacture which meet the ~ow and head

requirements for individual plants taken from our Hst of 30 standard

plan~ (Fig. 1). Enclosed with this letter is a list of your pumps which

we have matched to some of the standard plants. Also enclosed is a

set of one-page data sheets which indicate the informaGon we would

like to have for each pump, and which we hope w~l make your res*

ponse easier to prepar~
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Please rev~w our Hst of standard plan~ to see ~ we have

overlooked other pumps which you could offer, and whether we have

selected the best one of your pumps for the plants we have "already con-

sidered. Can the same plant requ~ements be met by pumps of different

speeds ? We will appreciate any add~ional information or comments

which you may have on this pump selection phase of our study.

3.2 General Information

To assist us in preparing our report on operating and design con-

sideraHons for desaHnaHon process pumps, we would Hke to obtain

answers to a number o~ quesHons about your pumps. These ques~ons

are general in nature; the same answers may be appl~able to a number

of your pumps which were iden~fied in the data sheets above. You may

have already prepared brochures, reports, or operating manuals for

your pumps which provide most of the answers we seek.

The ques~ons which we have prepared are Hsted on several

pages enclosed w~h this le~er. We will contact you in about one week

to determine the manner in which ~ would be most convenient for you

to provide answers to us.

We wculd H~e to know cf any pump dev~opmcnt progr~s wlfich

are now in progress or are being planned at your company which would

change the position of your company’s products wih respect to the

reverse osmosis desalina~on process. This information will be treated

as confidential by Dynatech and OSW ~ you so requesL



~ DYNATECH

~ for Sec~on 3.2: .Qeneral ~rm~n - Pump~g Sy~em~

We woutd like to obtain general ~si~ ~d ap~n ~rma-

~on on those ~pes of your pumps w~ch me~ the requ~eme~s for our

standard ~a~s. This note Hsts the i~orm~n we need and the

questions which we want to answer for each t~e ~ pump.

Y~r replies to some questions will be guyed by the fact that

the desaihmfion plant is a ufiMty. The pumps, together w~h their

drivers and accessor~ mu~ opine con~nuously for ~ag per~ds

between sc~d s~ow~. Because of the nature of the process,

the pumps will oper~e at constant speed w~h o~y sm~,s~w varia~ons

of head and How rate which occur as a resu~ of ~ng-~rm membrane

pe~ormance fluctuations.

1. ~ump Charac~s~

1.1 E~icient operating range: ~ possible, please ~e t~

head m~ efficiency vs. flow rate curves for ~r~e pumps.

~r~, please indicate the range of flow rates over which

the efficiency rem~ns ~thin 4 po~s of ks peak v~u~

1.2 Phys~ D~c~pfions: P~ase pro~de a cross-section ~a~

of each t~e of pump or ~e~y ~s type ~. ~, ~c~ ho~zo~,

barrY, etc.). Please describe the ~o~ com~s ~d t~

m~e~s of construction:

inlet geom~r~ double or Ma~e sucGon
i~ construction
~ser t~e
t~ust b~aneiu~ ~u~s
bea~ngs
seals recommended for our ~aH~, and their e~d

1~ charac~rB~; what ~rn~e se~ arrange-
meats could be used, E a~? W~t are t~ associated
cost v~i~ns ?
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2. Drivers

2. I Recommended drivers:

Do you recommend any parGcular drivers for these pumps ?

What type of electrical motor is best for this appiicaGon ?

Are there any par~cular cauGons you would advise w~h
respect to the use of turbine or diesel engine drivers ?

2.2 Packaged Systems

Do you offer driver-pump-accessories packages ready for
instaHa~on as an op~on?

Accessories and AuxifiaryEquipment

3.1 Spares

What spares should be kept on hand to assure rapid restoraHon
of service at scheduled maintenance periods ?

What spares are required to protect against failures 7

3.2 Lube Oil System

Please provide a descrip~on and diagram of the lube off system
required for your pumps,

3.3 Please describe any external ~o the pump) equipment required
for the sealing systems you have recommende~

3.4 Controls

Please outline the controls required for safe and efficient
operation of your pumps.

3.5 Couplings

Do you recommend any particular types of couphngs for these
pumps ?

Does the type of driver to be used affect the choice of couphng
type ?



DYNATECH

4.1 Inlet and Discharge Piping

Are there any special requirements with respect to inlet and
discharge pipiug arrangement which should be observed
for best performance with your pumps7

4.2 Founda~on Requirements

Please describe the foundaHon requirements for your pumps.

4.3 Setup Procedures

Please ouGlne any special procedures or precauGons to be
observed when setGng up your pumps in a new plant

4.4 General Arrangement

~ possible, please furnish diagrams showing a typical installation
of your pumps and their relaGon to the driver and to auxihary
systems.

5. Ma~e~e

Please describe the maintenance requirements for your Dumps.

What program for maintenance and inspection operatzons do you
recommend ?

What is the l~e expectancy for each o[ the following pump
components in saline water service:

seals
ro[ors
d~ffusers
bearings
casings

What are the types of failures which occur in these pumps 7

Operatin~ Instructors

Please provide typical operating manuals K possible.

What are the procedures to be fo~owed to start up and shut
down your pumps ?
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What are the types of operaHng problems encountered in service
and how may they be avoided?

Costs

7.1 Pump Prices

The information you have provided on spec~ic pumps includes
price informatiom Do these pries include any accessories,
spares, or auxiliaries ?

Do you have any correlations on pump price vs. m~other para-
meter ~.g., horsepower, head, impeller diameter, speed,
flow rate, or number of stages) which we could use to guide
our economic comparisons ?

7.2 For the pumps you have described in response to our par~cular
plant requirernents, please indicate costs where possible for
the following items:

maintenance
spares
foundation and installation costs
aaxfliaries: lube off, seal, and control systems
packaged pump-driver-auxiliary systems where available
operating costs exclusive of driver power costs, if any
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Appendix B2

Hydraulic Turbine Ques~onnaire

Gentlem~:

Dynatech Corpora~on, an independent engineering research and develop-
ment organizaHon, is carry~n~ o~]t an an~y~s of hydraulic power recovery equip-
ment for the Office of Saline Water, U.S. Department of the Interior. Our pur-
pose is to de~rmine the present state of the art wi~h respect to power reoovery
systems suit~)le for use in reverse osmosis desal~nagon plants. This information
will help us to select the op~mum po~ver recovery system for various sizes
of des~inagon plants. The resets of our study will be used by OSW ~ plant
design work, preparation of economic ~nalyses, and in allocating dev~opment
~nds to the hydraulic turbine industry.

We have a~eady c~cted and an~yzed gener~ in~muadon from Hterature
made av~lab~ to us by m~or hydra~ic turbine manufac~rers. Now we wish to
com~e~ our preliminary tn~rmation and acquire p~ce and operating cost in~r-
ma~on ~r a number of specific hydraulic turbine requirements. With t~s let~r,
we are requesting your as~anee to provide t~s supp~mentary inform~iom

We understand that hydraulic turbines are not ’~ff-the-shelf’ equipment,
but machines "tMlore~’ to each customer’s needs. We have enclosed a brief
note which outlines the objectives of our study, presents a summary of our
pr~ect plan as a background ~br cur requests and then describes the Specific
information which weare requesting. We will be pleased to assist you in any
way we can to gathe~ Jl~is mate~al.

Thank you very much for your as~stance with this study.

¯ noerely yours,

KEH~a

Enclosure

Kenneth E. lticl~nan, Manager
Fluid Mechanics Group

248



Power Recovery System Request

O. S. W. Con~ractNo. 14-01-0001-1462

"EvMuation of E~sting and UnconventionM Means

for Pumping and Energy Recovery in :t

l/everse Osmosis DesMinafion Plant"

1. Pr~ect Obiec~yes

We ave carrying out an anMysis of pumNng and power recovery

equipment for the Office of SMine V,:ater, U~ted States Department of the

Inte~or. Tlm objectives of our s~dy are:

(1) To select the best types cf pumNng systems for use in

reverse osmosis desMination plan~

~) To select the best types of power recovery systems for use in

reverse osmoMs desalina~on plants.

N) To study the integration of these power recovery systems into

the pumping system and to determine the resulting economic

advantages.

We request your assistance in providing information on your products

which are suitable for this ser~ce. We would ~ke to obt~n both tech~cal and

cost informa~on for particular power recovery systems; perhaps a summary

of our pr~ect plan will help to ex~lMn how we defined particular hydrauHc tur-

bine specifications for your conNderation.

2. Pr~ect ~ummary

In the reverse osmosis process for water desalination, sa~ water

pumped to pressures from 400 psi to 1500 psi flows past osmotic membranes.

Pure water ~f~ses through the membranes while the rerunning more concen-

trated brine is rejected. The operating pressure level required ~r good

membrane performance is set by the salinity of the input water; bracMsh water

of low sMinity N, 000 ppm) requires pressures of 400 to 800 psi while sea water

(35,000 ppm) requires 1500 psi for economic~ desMinatiom
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The desal~aton plant s~es cons~ered in.our study cover the range

from 100,000 to 10 mHHon gallons per day of fresh water output. The ratio of

fresh water recovered to plant inlet flow is 40% for sea water plants and varies

from 50~ ~o $0% for brackish water plants. Theiefo~e, the pumping ~ystems

to be considered cover the range of flow rates from 80 gpm to 19,800 gpm. The

head requirements range from 800 ~ to 3500 ~. Because of the high flow rate

and high head requirenmnts, the capital cost and operating costs of the pumping

system are significant factors in the overall economy of the phnt.

Tl~ concentrated brine which remains behind:as the fresh water

passes through the membranes is discharged from the membrane assembly

at high prcssure. The power assooiated wi*~ ~his pressure can be recovered

by a hydraulic turbine and used to drive the ma~n system pump or a generator.

Because of the high flow-rate and high head available in the concentrated brine,

the power recovery obtained w~h a hydraulic turbine can be a significant factor

in the overall economy of the planL

To keep the effort required for the econom~ an~y~s within bounds,

we have defined 30 ~screte plant pump requirements which cover the comple~

range of flow r~tes and heads for the desalination plants. We then assumed

sever~ possible v~ues for the pressure drop on the brine side of the mem-

branes. The resulting head v~uos combined with the brine ~scharge flow rates

define a number of)ffdrauHc turbine spe~fications.

Figure 1 shows the 30 plant pump req~rements m~ ind~tes thor

rclationship ~o the ~ant operating con~fions. Figure 2 shows the flows and

heads av~lab~ ~r power recovery, ~gether with horsepower va~es corre-

spon~ng to reasonable ~rhine efflUenCes. Figure 3 shows a gener~ plant

layout.

We would Hke to obtain price and operating cost informa~on for each

of the hydraulic turbine requirements which are circled in red on Figure 2. We

also want to obt~n more informa~on on hydrau~c turbine characteris~cs, mate-
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rials of construction, accesso~es, controls and auxiliary equipment, installa-

tion and m~ntenance requirements, and operating instructions.

The information for the requirements ~rcled on Figure 2 ~vilI be

used to establish graphical curves or equatious which describe the relationship

of cost to turbine performance over the whole range of our requir~nents. Our

work on steam ~rbines, electric~ motors, and elcct~c~ generators indicates

that both the initial and operating costs of such equipment can be correlated

effectively wifl~ horsepower for a given class of eq~pment. We expect that

a similar tyce of correlation will be useful for the hydraulic turbine cost infer-

marion. These correlations will be included in a general computer program

which will establish the economic sa~ngs achieved with a power recovery

system in relation to des~ina~on plant size. The systems ev~uated by com-

puter techniques will vsry with respect to the following e~ments.

¯ type of pump and manufacturer

¯ pump speed

¯ type of driver

$ hydraulic turbine efficiency

¯ hydraulic turbine speed

¢ power recovery arrangement ~ump vs. generator drive)

The systems which yield the lowest total cost, amortized over a 30-year period,

will be selected as the optimum pumping and energy recovery sys~m ibr the

30 selected plant requirements.

In addition to our recommendations on the feasibility of power re-

covery systems, we also w~l prepare for OSW a report which discusses a num-

ber of operating and design considerations wl~ch are per~nent to hydraulic tur-

bines for destination service. These considera~ons include wa~: condi~on,

inst~lation characteristics, mate~ selec~on~ m~ntenance req~rcments,

control systems, spare parts recommendations, and typical operating pro~ems

which may be encountered. The informa~on to be included in this report will

be sought from the manufacturers; supplementary in~rma~on has already been

gathered from the tech~c~ Nterature and textbooks desc~bing the sub.iect.



The final report of this pr~ect will be made avMlable to the public

by OSW. In this report, we will list ~e manufacturers who p-ovided the infor-

mation upon which the report is based. However, no h~ntifica~on of specific

manufacturers will bc made at any other point within the report; alternative

hydraulic turbines for specific plants will be identified by leger only ~. ~,

hydraulic turbine A, B, C). The cost and technical data provided by each

manufacturer will be treated as confidential by Dynateeh and OSW if so requested.

Such conflden~al information will not be disclosed outside of these organizations.

3. Information Requested

The information which we request from Sou can be divided into t~vo

classes, in~rmation on specific hydraulic turbines, and general operational

and design in~rmatiom

3.1 Spenific Hydraulic Turbines

We would Hke to obtnin per~rmance and cast information on those

hydrauHc turbine applications which have been circled in red on Figure 2.

These applications have been selected in order to include a range of typical

requirements:

¯ low flow, lowhead, low horsepower

~ low flow, high head, intermediate horsepower

¯ medium flow, high head, intermediate horsepower

¯ high flow, low head, intermediate horsepower

¯ high flow, high head, high horsepower

The head and flow values are given as operating conditions for a particular

turbine. The horsepower given here has been calculated by assuming an effi-

ciency of 85%. Four synchronous speeds are being considered for these ma-

chines.

® i~00 rpm

]200 rpm

900 rpm

3600 rpm
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Enclosed with this letter is a set of one-page data sheets w]d~

indicate the information we would like to obt~n for each turbine and which

we hope will make your response easier to prepare. We will appreciate any

addt~onal information or comments which you may have on this hydraulic tur-

bine selec~on phase of oar study.

3.2 General informagon

To assist us in preparing our report on operating and design con~dera-

~ons for power recovery systems, we would like to obt~n answers to a number of

ques~ons about your hydraulic turbines. These ques~ons are general in nature.

You may have already prepared brochures, reports, or operating manu~s for

your hydraulic turbines which provide most of the answers we seek.

The quesgons which we have prepared are lis~d on sever~ pages

enclosed with this le~er, We will contact you in about two weeks to de~r-

mine the manner in which it would be most convenient for you to provide an-

swers to US.

We would like to know of any hydraulic ~rbine development programs

which are now in progress or are being planned at your company.which would

change ~he posi~on of your company’s products with respect to reverse osmosis

process. This information ~11 be treated as confidential by Dynatcch and OSW

if you so request.
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We wouid like ~o obt~n general design ,’rod application information

on those types of yc,nr hydraulic turbines which meet the requirements for our

standa~t power recovery systems. A gener~ layout of the plant has been at-

tached to this npestiopm~re in order to indicate cond~ions of installation and

operagon.

Your replies to some questions will be guided by tbe fact that the

desalination plant is a u~Hty. The hydrau~c turbines, either directly connected

to the pump by means of gears, or driving an electric~ generator, should oper-

ate continuously for long periods between shutdowns. Be~aus ~ of the nature of the

process, the hydraulic turbines ~!I operate at constant speed with only small,

slow variations of head and flow-rate which occur as a resu~ of long-term mem-

brane degradation.

I. Hydraulic Turbine Characteristics

1.1 Phy~c~ Descrip~ons

Please pro~de informa~on as follows for your hydrau~c turbines:

Type: Francis or Pe~on

How many jets per runner (Pe~on)?

Guide vanes (size, number) for Francis 

Runner construction (material)

Casing type and construction (materiM)

Injector ~ze and geometry

Inlet guard valves @ype, recommended size and location)

Is fixed gate type injection used ? (for Pelton turbines)

Dra~ robe geometry ~f any)

Thrust balan~ng ~atures

Bearing types

Se~s or sha~ packings recommended for our application, and their

e~ected leakage characte~stics; what a~ernafive seal arrangements

could be used, if any?
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What are the associated cost variations ?

Would a leakage pump be needed (Francis) 

Please provide a cross-section dra-zing of each type of turbine if possible.

1.2 EfflUent operating range: if pos~ble, please provide typical hp and

effi~ency vs. flow rate curves for appropriate hydraulic turbines. Other-

wise, please indicate the range of flow rates over which the efficiency remains

within 4 points of its peak value.

2. Governors

Would you recommend a governor for this type of operation ?

Would it be best to have an oil pressure governor or an electric

governor ?

What would be the size and cost of the governor including Rs controls ?

3. Hydraulic Turbine Drive Arrangement

What type of generator is best for this application? (Voltage and speed)

Are there any particular cau~ons you would advise with respect to the

use of a hydraulic turbine as a supplementary source of power when the primary

souree is an electric motor, steam turbine or diesel engine ?

Do you offer hydraulic turbine-generator packages ready for inst~la-

Hon as an op~on ?

4. .o.A.~cessories and Au~Hary Equipment

4.1 Spares

What spares should be kept on hand to assure rapid restoration of serv-

ice at sched~a]ed maintenance pertods?

What spare~ are required to protect against failures ?

4.2 Lube oil system

Please provide a descrip~on and diagram of the lube oil system re-

quired for your hydraulic turbines.
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4.3 __Sc~ing Sy~ems

Please desc~bc any external equ~me~ (to the hydraulic turbine)

~c:iuircd ~r the se~ing sys~ms you have recommended.

4.4 Co~r~s

Please outline He controls required Mr sam and effluent operation

of your hydraulic mrNncs ~and oper~ed or au~matic)

4.5 Cou~ings

Do you recommend any particular t~es of couplings ~r ~ece uqits ?

\~I[ ~he selection of ~e power ree~v~.y syste!. ~,:.~er~o~. or direct pump d~ve)

affect He ch~ce 6[ uuupHng ty~e ?

5. In~la~on Requirements

5. l Inlet and Discharge Pi~n~

Are there any sperm req~rements x~th respect to inlet piing arrange-

ment which should be observed ~r best per~rmance of your hydraulic ~rNnes ?

Could your hydraulic ~rNnes ~recfly ~scharge into a sump? If not,

wo~d you p~ase desc~be ~scharge ~ng arrangement, or any draft tube re-

q~rements ?

5.2 .~22undation requiremen~

Please dcsc~be the ~undadon req~rements ~v your hydraulic ~rbines.

5.3 Set-up Procedures

Please outline any sperm procedures or precaudons to be observed

when setting up your hydraulic ~rNnes in a new ~ant.

5.4 Gener~ Arrangeme~

If posMble, please ~r~sh ~agrams showinga t~gieM instaHa~on of

your hydra~ turbines and their rela~on to the gener~m’. This will he~ us in

modifying the gener~ plant layout accor~n~y to our power recovery sy~em design.
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Maintenance

Please describe the ma~nten:mcc requirements for your hydraulic tur-

bines.

ommend ?

V/bat program for m~ntenance and inspec~n operaHoi~s do you rec-

What is ~he H~ e~pectancy for each of the following hydraulic ~r-

bine compone~t~ in saline water settee:

seals or packings

ea~ngs or housings

needle ~p

injector throat ~ng

bucket sp~ers

deflector

valves

runner bands (~ran~s)

gnide vanes (Francis)

staMonary rings (Frmmis)

distributor’ H~ng (Francis)

runner bla~ng (Francis)

How are wearing symptoms detected? What is their effect on the

efficient opera~on of the m:mhines ?

7. Operating instrucGons

Please provide typical operaHng manuals if possible.

What are the procedures to be followed to start up and shut down your

units ?

What precau~ons are needed in the case of pressure surge ?

Wh~ are the types of ~perating problems encountered in service and

how may they be avoided ?

8. Costs
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S. 1 Hydraulic Turbine Prices

The information you have provided on your hydraulic turbines includes

their cost. Do these prices include any accessories, valve requirements, spares

or auxilia~es ?

Do you have any correlagons on hydraulic turbine price versus another

parameter ~.g., horsepower output, head, runner diameter, specific speed,

spe~fic discharge) which we could use to guide our economic comparisons 

8.2 For the hydraulic turbines you have described in response to our par~cular

plant requirements, please indicate costs whenever possible for the following

¯ items:

- maintenance

- spares

- ibunda~on & installation costs

- auxiliaries: l~be oil, seals or packings, bearings, regulation and

control systems, governor.

- packaged hydraulic turbine - generator systems where available

- operating costs exclusive of recovered power savings.
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Figure 2 - Hydraulic Turbbm Design Requlremen~
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